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ABSTFIACT
Rockfall Modeling in the Jointed Rock for Underground 
Openings with Consideration of 
Thermal and Seismic Effect
by
Ming Lin
Dr. Moses Karakouzian, Examination Committee Chair 
Professor of Civil and Environmental Engineering 
University of Nevada, Las Vegas
A rockfall model for underground excavation in the jointed rock is developed using 
the three-dimensional discontinuum code, 3DEC. The factors considered in this model 
include the stochastic attribute of the joint network, the joint mechanical properties, the 
seismic loading, and the thermal loading. The Yucca Mountain site data were compiled 
and analyzed to feed into the numerical model. The 3DEC rockfall model incorporates 
the development of joint patterns generated from multiple sampling from a synthetic rock 
mass volume that contains a realistic joint population based on field mapping data. Site- 
specific ground motions and waste generated heat load are included in the model.
Variation of joint pattern combined with ground motions using the Latin hypercube 
technique is considered in seismic analysis in order to obtain a representative block size 
distribution during seismic shaking. Three levels of mean exceedance probability for 
seismic ground motions were used to determine the sensitivity of rockfall to seismic 
events. The seismic results show that higher rockfall volumes and frequency are
m
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predicted with higher level of ground motions. The results also indicate that rockfall in
the jointed medium is primarily controlled by geologic structure.
Thermal-mechanical analyses were conducted using both a base case set of thermal 
properties and a sensitivity case considering the values for thermal conductivity and 
specific heat one standard deviation smaller than the mean. There was no rockfall 
predicted at any time for the thermal only scenario (i.e., no seismic loading) for all cases 
analyzed. The impact of thermal loading is found to stabilize the rock mass. Rock mass 
expansion on heating induces tangential compression around the excavations and provide 
increased normal stresses to the predominant vertical joint sets, thus increasing their 
shearing resistance. Thus, the most conservative thermal state, from a rockfall standpoint, 
is actually when the rock is at or near ambient temperature.
The results of the sensitivity study on the joint mechanical properties show that the 
variability of joint mechanical properties has minimal impact on rockfall except the joint 
dilation angle. The sensitivity analyses show that only half of the rockfall volume is 
predicted with dilation angle increased to 11° comparing with the base case assuming no 
dilation. The impact on drift stability due to the effect of rock joint degradation is 
assessed based on a conservative estimate of the reduction of joint cohesion and friction 
angle. The prediction shows that joint strength degradation has a minor impact on 
underground stability.
The 3DEC rockfall model is validated against laboratory testing, field observations, 
alternative numerical model, and a dynamic tunnel experiment. It is shown that the 3DEC 
rockfall model is capable of predicting block formation and correctly modeling the 
mechanical behavior of the jointed rock under dynamic loading.
IV
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CHAPTER 1 
INTRODUCTION
1.1 Introduction
Rockfall hazard for the underground openings is a complex issue which involves both 
the natural systems and the engineering systems. The nature systems include the rock 
mass geologic features and earthquake events. The engineering systems considered are 
the layout of underground tunnels and, in certain cases, the thermal loading imposed on 
the rock mass by the waste or storage material. The underground openings require both 
thermal and seismic consideration include the deep underground mine with rockburst 
hazard and geothermal effect, the underground storage of gaseous material, and the 
geological waste disposal repository of chemical and nuclear materials. With the lack of 
the past experience and empirical based method, numerical simulation is essential for the 
prediction of the rockfall. Due to the stochastic attribute of the nature systems, a 
probabilistic approach is required for the prediction of rockfall. With consideration of 
seismic shaking for a jointed rock mass, dynamic analysis for a three-dimensional 
discontinuum is required in addition to the thermal-mechanical consideration for thermal 
loading. This research attempts to apply the state of the art numerical techniques 
combined with a probabilistic approach to seek the solution of the rockfall with the 
consideration of the stochastic attribute of the nature systems.
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1.2 Objective
The objective of this research is to predict rockfall for underground openings in a 
jointed rock formation subjected to thermal and seismic loads. The results of this research 
will provide probabilistic rockfall data to support structural analyses of the ground 
support system and for cases involved waste containment - the waste storage container. 
The following tasks summarize the dissertation outline:
1. Investigation of rockfall analyses and techniques in the literature
2. Identification and compilation of the related geologic data, geotechnical data, 
thermal loading data, and seismic ground motions data. The Yucca Mountain 
Project nuclear waste disposal site data will be used in this study.
3. Analysis of the data and preprocessing of the data in order to sort into the 
format required for the numerical simulation
4. Parametric numerical modeling with possible variation of natural and 
engineering parameters
5. Presentation of the parametric modeling results in a statistical format
6. Validation of the numerical model
1.3 Organization of the Dissertation
The dissertation is organized as follows.
Chapter 2 summarizes the literature review of the field observations and analytical 
techniques related to rockfall at underground openings.
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Chapter 3 describes the relevant data identified and compiled for rockfall analysis.
The data include geologic, geotechnical, thermal, and seismic activities. Data analysis 
and preprocessing into the form suitable for numerical analysis is then described.
In Chapter 4, the probabilistic rockfall analysis approach and results are presented. 
Validation of the rockfall model is provided in Chapter 5.
Chapter 6 provides the conclusion of this research.
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CHAPTER!
LITERATURE REVIEW
2.1 Field Observation of Rock Block
Structural discontinuities such as joints, shears, and faults are always encountered for 
underground excavation. These discontinuities will intersect to form block of rock in the 
perimeter of an opening. Rock blocks which has potential to fall are formed at the 
surrounding rock mass of an excavation by the intersection of three or more planes of 
structural discontinuities as shown in Figure 1. The blocks have been named wedges, key 
blocks, or keystones by various investigators (Yow 1985).
Field observations of fallen and stable key blocks in tunnels in granite and in tuff at 
the Nevada Test Site (NTS) were observed by Yow (1985). These tunnels at the NTS 
have been subjected to impacts by the underground nuclear explosion. The tunnels in 
granite were the Spent Fuel Test-Climax (SFT-C) drifts, while the tunnels in tuff were 
part of the G-tunnel complex. A total of 13 relatively large key blocks were observed in 
the Climax stock. Many other blocks were seen that were too small to be measured. Only 
1 fallen key block was observed in tuff in the G-tunnel complex. The scarcity of key 
block occurrence in G-tunnel is mainly due to the heavy supports with shotcrete, steel 
ribs and continuous timber lagging.
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Key Block Formed by the Intersection of an 
Excavation with 
Three Fracture Planes
Stereographic Projection of 
Key-Biock-Forming Fracture Planes
7' 133/63
\  235/87
-,338/12
Tunnel
Excavation
Figure 1. Illustration of a Rock Block and Associated Fracture Planes
Key blocks in the 5-m-diamctcr Cross-Drift of the Exploratory Study Facilities (ESF) 
at Yucca Mountain arc first evident in the crown at about station 10+50. Most of the key 
blocks in this region arc of minor size and typically fall immediately after excavation 
prior to ground support installation. Key blocks arc possible in this area because of the 
increased presence of the plane of weakness (i.e., a vapor-phase parting [VPP]) in the 
near horizontal orientation that intersects with two opposing near vertical joint planes. 
Fallout ftom these key blocks during excavation is typical of the rock in the middle 
nonhthophysal zone (Tptpmn). The largest resultant void is possibly 0.5 cubic meters at 
^proximately station 11+55 as shown in Figure 2. No unstable key blocks were 
observed in the field.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- I lmÊM*
lÊÊÊMM
Figure 2. Evidence of Key-Block Occurrence in the ECRB Cross-Drift, Station 11+55
2.2 Key Block Analysis Technique
The key block analysis technique (Warburton 1981; Goodman and Shi 1985), as part 
of the class of limit equilibrium methods, was applied by Yow (1985) to baek-analyze the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
field observation. The key block technique uses vector analysis to establish whether it is
kinematically possible for any block to move and become detached from the blocky 
system. It enables the investigator to identify removable locks from a whole 
strereographic projection. The data needed for such an analysis consists of the 
orientations of the discontinuities present at the excavation site and the orientations of the 
excavation surfaces to be examined.
Limitations of the key block technique include the following:
• It is not able to address the redistribution of the load during the excavation and the 
block removal (Yow 1985).
• It is not able to determine the displacements and strains in the blocky system 
(Goodman and Shi 1985).
• It is a deterministic approach based on known orientation of discontinuities (Stone 
1994).
2.3 Estimate of the Probabilistic Block Size Distribution
An approach to estimate the probabilistic block size distribution was proposed by 
Hudson and Priest (1979) based on the observation that the distribution of joint spacing 
values along a line is assumed to be of negative exponential form. The data needed for 
the calculation consists of the distinction of the joint sets in the rock mass and the 
orientations and frequency of each joint set. Based on the observation of the joint 
frequency data, a negative exponential distribution of joint spacing values is estimated. 
The volumes of the rock blocks were calculated by multiplying the spacing values
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randomly generated along the three axes. Monte Carlo simulation was used for the
spacing value generation.
This approach was adopted in a probabilistic block size estimate for the waste 
emplacement tunnel (CRWMS M&O 1998). The estimate provides a preliminary
understanding of the size distribution possibly encountered for underground excavation. 
This approach considers only the geometrical aspect of block formation, no mechanical 
consideration is included. The orientation, size, and shape of the excavation have no 
effect on the outcome of the estimate. The approach served as a preliminary tool for 
block size distribution estimate, is not capable of calculating the rockfall frequency.
2.4 Probabilistic Key Block Analysis
Based on the deterministic key block technique developed by Warburton (1981) and 
Goodman and Shi (1985), advancement was made by Stone (1994) towards probabilistic 
risk assessment of key block failure. This approach employs a numerical solution with 
Monte Carlo simulation to account for the statistic variation of the joint system. 
Progressive failure can be assessed with removing the key block in this approach. 
Structural discontinuities are simulated as circular discs placed in the rock mass 
according to probabilistic distributions determined from tunnel mapping data. Joint 
planes are simulated from probability distributions representing the orientation, spacing, 
and trace length of the corresponding joint set. Key block technique is adopted to 
determine where joint planes intersect to form blocks, and then analyzes these blocks to 
determine if they are geometrically feasible. If the blocks are geometrically feasible, the 
limit equilibrium technique is then used to determine if they are mechanically stable.
8
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A probabilistic key block analysis requires &mr sets of data. The required data are 
listed below:
* the grid data - the information required for building a grid of nodal points for the 
mesh
# the excavation data - contains the information for defining an excavation in three 
dimensional space
• the rock density data
# the probabilistic joint sets data - the required information for generating joint 
network (both the geometrical and strength parameters) from the given joint 
probability distributions.
A probabilistic key block analysis was conducted for the nuclear waste environment 
based on this approach (CRWMS M&O 2000a). The analysis results provide block size 
distribution and rockfall frequency with 400 Monte Carlo simulations of the joint system.
The shortfall for the approach is that it does not explicitly apply seismic loads and 
thermal loads to the block system. Instead the seismic loads were accounted with the 
reduction of the friction resistance.
2.5 Distinct Element Method
The distinct element method was first proposed by Cundall (1971) to calculate the 
rotations and displacement of a two-dimensional block system. This method is able to 
represent the mechanical behavior of the discontinuities and the solid material in a 
discontinuous system. The two-dimensional program Universal Distinct Element Code 
(UDEC, Itasca 2002) was first developed in 1980 to combine the formulations to
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represent both rigid and deformable bodies (blocks) separated by discontinnities into one
code. In 1983, work was begun by Cundall on the development of a three-dimensional 
version of the distinct element method. This work is embodied in Three-Dimensional 
Distinct Element Code (3DEC, Cundall, 1988; Hart, et al., 1988).
This method requires extensive computational effort because of the complex 
algorithm for block contact detection and representation. It is gaining popularity lately 
with the increasing power of personal computers. Both UDEC and 3DEC are designed 
for simulating either the quasi-static or dynamic response to loading of rock media 
containing multiple, intersecting joint structures. Thermal-mechanical consideration is 
also included. This code is selected in this study for its capability of handling both the 
thermal-mechanical and dynamic analyses.
3DEC has been used extensively in the investigation of wedge type of failure 
mechanism in the mining engineering apphcation (Barton et al 1989; Adachi et al. 1991; 
Dasgupta, 2000). The discontinuities in 3DEC can be represented as Mohr-Coulomb slip 
joint model or continuously yielding model (Lemos, 1999). The constitutive models for 
solid material within the block include: (1) the elastic model (isotropic and anisotropic), 
(2) Mohr-Coulomb model, and (3) bilinear strain-hardening/softening model. The 
scheme of non-reflecting boundary is implemented in 3DEC to prevent the reflection of 
outward propagating waves back into the finite size model for dynamic analysis.
The major components of 3DEC formulation are the schemes for contact detection 
and representation in three-dimensions, and the mechanical calculations for motion and 
interaction in three-dimensions. For contact detection, the cell mapping and searching 
algorithm to identify neighbor blocks is used. In addition, a common-plane scheme to
10
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identify the contact between blocks. Extensive description of the contact detection
schemes is provided in Itasca 2002.
3DEC is based upon a dynamic (time domain) algorithm that solves the equations of 
motion of the block system by an explicit finite difference method. A solution scheme 
based upon the equations of motion is demonstrated by Cundall (1987) to be better suited 
to indicate potential failure modes of discontinuum. At each timestep, the law of motion 
and the constitutive equations are applied. For both rigid and deformable blocks, sub­
contact force-displacement relations are prescribed. The integration of the law of motion 
provides the new block positions and velocities. The sub-contact force-displacement law 
is then used to obtain the new sub-contact forces, which are to be applied to the blocks in 
the next timestep.
The current discontinuity (joint) generation in 3DEC requires the joint to be through- 
going and no partial crack is permitted. This limitation results in unrealistic 
representation of finite trace-length joints observed underground. Code modification was 
required for 3DEC for the rockfall modeling at nonlithophysal rock in order to 
realistically simulate the finite trace length of joints at rock mass at a reasonable time. 
With the addition of the variable mechanical properties within a contact, the code can 
incorporate both the intact and joint properties within a contact which enhances its 
capability of modeling the finite trace length of joints. For reduction of lengthy 
computation time for models involving complex joint system, an algorithm called partial 
density scaling for dynamic analysis is applied. Description of the code modification is 
provided in Section 4.1 and Appendix I.
11
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CHAPTERS
EUVTAL^J^AI/fStS
3.1 Data Identification and Compilation
With large amount of data collected at the Yucca Mountain site for the last 20 years 
of site characterization efforts, it is considered as the most complete and thorough 
database that exists for underground waste disposal purpose. The data identified which 
are relevant to the research include: geologic and geotechnical data, seismic ground 
motions data, and thermal analysis data. The Yucca Mountain data is therefore selected 
for this research for its completeness and direct relevance.
3.1.1 Geologic Data
The Yucca Mountain region lies in the north-central part of the Basin and Range 
physiographic province, within the northernmost subprovince commonly referred to as 
the Great Basin that encompasses nearly all of Nevada, as well as adjacent parts of Utah, 
Idaho, Oregon, and California (CRWMS M&O 2000b). The mountain ranges of the 
Great Basin, including Yucca Mountain, are mostly tilted fault-bounded blocks that may 
extend for more than 80 km in length, and are generally 8 to 24 km wide. Relief between 
valley floors and mountain ridges is typically 300 to 1,500 m, and valleys occupy 
approximately 50 to 60 percent of the total land area.
The current geologic setting of Yucca Mountain results from extensional tectonism 
and volcanism active during the middle and late Cenozoic Era, which is fundamentally
12
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controlled by plate tectonic interactions at the western margin of the North American
continent. Past explosive volcanism resulted in the formation of six major calderas in the 
vicinity of Timber Mountain north of Yucca Mountain between about 15 to 7.5 Ma years 
ago, which were the sources of the silicic volcanic rock materials comprising Yucca 
Mountain. These silicic Mid-Tertiary volcanic rocks, consisting mostly of variably 
welded pyroclastic-flow and fallout tephra deposits with minor lava flows and reworked 
materials, dominate the exposed stratigraphie sequence at Yucca Mountain. The central 
portion of Yucca Mountain is essentially a dip slope formed by rocks of the Paintbrush 
Group dipping gently to the east, generally less than 10 degrees. The potential repository 
horizon, and the access to it, is located entirely within the Paintbrush Group, which 
consists of four formations. In descending order, the formations are the Tiva Canyon, 
Yucca Mountain, Pah Canyon, and Topopah Spring Tuffs. Each of these formations is 
composed primarily of pyroclastic-flow deposits (also referred to as ash flows or 
ignimbrites) that are interstratified with small-volume pyroclastic flow and fallout tephra 
deposits, and locally, lava flows and secondary volcaniclastic deposits from eolian and 
fluvial processes. The lowermost formation is the Topopah Spring Tuff, which forms the 
host rock for the waste repository, and therefore is one of the most intensely studied 
formations at Yucca Mountain. High-silica rhyolite and quartz latite tuffs are the two 
most common compositions of the rocks at Yucca Mountain. The matrix density of high- 
silica rhyolite and quartz latite is typically 2.35 and 2.40 g/cm3, respectively. The degree 
of welding in these rocks ranges from nonwelded to densely welded rock. Most rocks at 
Yucca Mountain contain some phenocrysts and lithic clasts, and most have devitrified 
during cooling or exhibit some alteration to clay or zeolite minerals.
13
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The repository horizon at the Yucca Mountain is located in both lithophysal and
nonlithophysal rock units in the Topopah Spring Tuff at Yucca Mountain. Lithophysae, 
the geologic term for cavities in the rock formed during welding from the accumulation 
of the vapcMT phase, is abundant in the lithophysal rock. The nonlithophysal rock in 
general consists of smooth and high-angle fracture sets and some low-angle, continuous 
shears and cooling joints. Figure 3 shows a schematic of the Topopah Spring Tuff 
illustrating the general occurrence of fracturing and lithophysae in the various zones of 
the formation. These two rock types are expected to have fundamentally different modes 
of failure under dynamic loading, and require different analysis methods. This research 
focuses on the jointed rock mass for the nonlithophysal rock.
Full periphery and detailed line mapping of joint orientation, trace length, small and 
large scale roughness, and end terminations were conducted for the site characterization. 
The database consists of over 35,000 entries and is recorded in AutoCAD drawings as 
well as spreadsheets. There are, in general, three distinct joint sets plus a random set in 
the nonlithophysal rock with the characteristics identified in Table 1.
14
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Figure 3. Schematic Illustration of the Structure of the Topopah Spring Formation
Table 1. General Characteristics of Joint Sets in the Middle Nonlithophysal Unit
Set MeanAzimuth/Dip
Mean 
Spacing (m)
Mean Trace 
Length (m) Comment
1 131/84 0.5 2.3 Rough to smooth, planar, predominant set
2 209/83 1.48 1.9 Smooth but curved
3 329/09 4.2 2.7 Vapor phase partings, rough, cohesive with coating minerals, planar
4 Random - 1.7 Random fractures with generally flat to moderate dip
Source: Mongano at al. 1999
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The nature of the joint geometry is extremely important to estimates of the stability of
the rock mass, particularly under seismic shaking, as well as to estimates of the support 
function and level of required ground support. In the noidithophysal rock, the relatively
short trace lengths and non-persistent joints create relatively few kinematically- 
removable blocks. This is evidenced by the fact that only a very small number of rock 
blocks have actually been removed in the Exploratory Studies Facility (ESF) tunnels.
3.1.2 Geotechnical Data
A significant database of thermal and mechanical properties from laboratory and field 
testing currently exists for the nonlithophysal rocks and joints. The number of tests for 
various properties that have heen conducted is illustrated in Figure 4 below. As seen in 
this plot, the base of mechanical information is particularly extensive, including basic 
uniaxial, triaxial and tensile strength testing, rotary shear and direct shear testing of 
fractures and basic physical properties testing. Flundreds of thermal tests (including tests 
for thermal capacitance, conductivity, and expansion) have been conducted in the 
laboratory and at the site.
The testing on intact nonlithophysal rock shows that they are hard, strong and brittle 
rocks with uniaxial compressive strengths averaging around 180 to 220 MPa for 25 mm 
diameter samples. Underground observations indicate generally excellent ground 
conditions with minimal ground support.
16
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Figure 4. Number of Basic Mechanical Tests Conducted on the Topopah Spring Tuff at
Repository Florizon
The rotary joint shear test results (Olsson & Brown, 1997) and the direct shear test 
(BSC 2003a) results provide the joint strength parameters in the form of Mohr-Coulomb 
criterion. A total of 13 natural joints taken from drill holes were selected to perform 
rotary shear tests. Data from shear stress experiments using core from Topopah Spring 
Tuff are provided in Table 2. These data include pairs of normal stress (a) and shear 
stress (Xp) values determined from shear testing of various core specimens. The data 
pairs were plotted (Figure 5) and a linear fit of the data was determined. The mean joint 
cohesion compiled from the rotary shear tests is 0.86 MPa and the mean friction angle is 
41°. Dilation of the joints was also reported in the range of 0° to 12°. No physical 
descriptions were given of the joints tested so it is not possible to identify the type of 
joints tested in rotary shear (vapor-phase parting or cooling joints, etc).
17
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Table 2. Data 6om Shear Stress Experiments on Natural Fractures 6om the Data ûom 
the Joints of Topopah Spring Tuff (BSC 2003b)
Borehole Normal Stress (MPa) Peak Shear Stress (MPa)
Joint Dilation 
(deg)
NRG-6 2.5 1.9 1.1
NRG-6 15.0 11.9 10.2
SD-9 2.5 2.4 8.5
SD-9 5.0 5.5 1.2
SD-9 5.0 5.5 17.3
SD-9 10.0 7.7 33.4
SD-9 10.0 9.0 18.4
SD-9 15.0 15.5 27.2
SD-9 15.0 14.0 15.7
SD-12 2.5 3.6 14.2
SD-12 2.5 3.3 13.7
SD-12 5.0 6.6 15.1
SD-12 10.0 12.0 17.7
20.0
a. 15.0 S
iB 10.0
Iw
S 5.0 
a.
0.0
0 5 10 15 20
Normal S tre s s , a (M Pa)
Figure 5. Plot of Shear Strength Test Data from the Joints of Topopah Spring Tuff (BSC
2003h)
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Joint dilation data is also presented in Table 2. The mean joint dilation is 14.9
degrees, with a standard deviation of 9.0 degrees. The range of joint stiffness data is 
presented in Table 3.
Table 3. Normal and Shear Stiffness Data from Shear Stress Experiments on Joints
from the Topopah Spring Tuff (BSC 2003b)
Test ID
Normal Stiffness, Kj, 
(MPa/m)
Shear S 
(M
tiffhess, Ks 
iPa/m)
minimum maximum minimum maximum
YMF22 5E+04 90E+04 1E+04 6E+04
YMP23 0 11E+04 1E+04 10E+04
YMP24 0 6E+04 0 15E+04
YMP25 0 12E+04 4E+04 20E+04
YMP29 2E+04 7E+04 4E+04 20E+04
YMP30 0 6E+04 0 3E+04
YMP31 1E+04 10E+04 1E+04 15E+04
YMP33 2E+04 8E+04 0 5E+04
YMP34 0.5E+04 5E+04 0 2.5E+04
YMP35 1E+04 8E+04 1E+04 12E+04
YMP36 1E+04 7E+04 5E+04 12E+04
Five natural joints from nonlithophysal rock taken from drill holes in the ESF were 
used to perform direct shear tests. Three vapor-phase partings and two cooling joints 
were identified for these natural joints. The two types of joints have a physically distinct 
appearance and testing of these joints resulted in equally distinct fracture behaviors 
(Table 4). The Joint Roughness Coefficient (JRC) values were determined for each 
fracture before testing and roughness profrles were sketched both before and after shear 
testing.
Direct shear tests were conducted by applying shear load to the top joint sample. All 
samples were sheared at constant normal stress to some distance beyond the peak shear 
value. Each sample was tested at four normal loads in the following sequence: 1,4, 7 and
19
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1 MPa. The frnal Slide 4 test at 1 MPa represented a measure of degraded strength. 
Nominal shear area corrections were made as part of the normal and shear stress
calculations. Friction angles were determined for individual joint surfaces assuming no 
asperity damage between successive shear tests on the same joint. Table 5 illustrates that 
cooling joints have lower cohesion, lower peak friction angle and much lower peak 
dilation angle than the VPPs.
Table 4. Direct Shear Test Summary of Joints in Topopah Spring Tuff (BSC 2003a)
Joint Type: TestID Length(mm) Area (m^) JRC
Cohesion
(MPa)
Friction
Angle
(degree)
Cooling 65A-643 238.76 0.04 2.00 -0.01 33.7
Cooling 65A-657 142.24 0.02 1.00 0.08 33.1
VPP 65A-642 241.30 0.06 15.00 0.72 45.7
VPP 65A-646 226.06 0.03 16.00 0.66 41.9
VPP 65A-647 246.38 0.05 10.00 0.84 44.5
Table 5. Summary Statistics of Direct Shear Tests of Joint Peak Strength (BSC 2003a)
Joint Count Mean StdError
Std
Dev Dev/Mean Median Minimum Maximum
Direct Shear Rock Peak Cohesion (MPa):
Cooling 2 0.32 0.04 0.06 0.20 0.03 -0.01 0.08
VPP 3 0.74 0.05 0.09 0.12 0.72 0.66 0.84
Direct Shear Rock Peak Friction Angle (deg):
Cooling 2 33.4 0.3 0.4 0.01 33.0 33.1 33.7
VPP 3 44.0 1.1 1.9 0.04 44.5 41.9 45.7
Direct Shear Rock Joint Dilation Angle at Peak Stress (degree)
Cooling 2 1.6 2.55 3.61 2.33 1.6 -1 .0 4.1
VPP 3 14.0 1.22 2.12 0.15 13.7 12.1 16.3
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3.1.3 Thermal Loading
The thermal induced stresses are generated by the thermal expansion of the rock mass 
that accompanies temperature change associated with the thermal energy released by the 
waste. Because the confinement of the rock is principally in the horizontal direction, the 
horizontal stress component of the thermally induced loads tends to be greater than the 
vertical stress component. The drift-scale thermal calculation has been conducted using 
Nonisothermal Unsaturated-Saturated Flow and Transport (NUFT) thermohydrology 
software simulating 2-dimensional drift-scale thermal-mechanical behavior (BSC 2003b). 
The selected location of NUFT model has the following characteristics:
• Approximately the geometric center of the repository
• The repository horizon is located approximately 281 m below the ground surface 
and 327 m above the water table.
• The ground surface temperature is fixed at 16.9°C, and the water table 
temperature is fixed at 29.2°C.
Two cases of the drift-scale thermal calculation were carried out, including:
• Case 1: Base case calculation with 1.45 kW/m initial heat load and 50 years 
preclosure ventilation with 90 percent heat removal ratio.
• Case 2: Sensitivity calculation for thermal properties of repository rock material. 
Values of thermal conductivity and specific heat one standard deviation less than the 
mean values were used. The mean and standard deviation of the thermal properties 
are listed in Table 6.
21
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Table 6. Thermal Properties Used NUFT Calculation (BSC 2003b)
Thermal Conductivity 
(W/m-K) Heat Capacity (J/kg-K)
Mean 1.89 954
Standard Deviation 0.25 143
A time history of the temperature at the crown of the tunnel is shown in Figure 6. A 
total of 46 steps were selected for temperature increment outputs. The selection of the 
output time is governed by limiting the increment less or equal to 5°C. Temperature 
increments at selected time calculated at each element from NUFT have been exported to 
ASCII text files. The ASCII text files for temperature increment are used as the input 
files for 3DEC rockfall analysis
Drift Crown Temperature 
1.45 kW/m, 50 years Ventialtion
180
160
Ü
120 
g
2 . 100
Case 1
§ Case 2
g
1
I  60
o
I-  40
10 1001 1000 10000 100000
Years
Figure 6. Temperature History at the Drift Crown
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3.1.4 Seismic Ground Motions
Ground motions are developed based on the estimates of peak ground acceleration 
ipga) or peak ground velocities (pgv) obtained from the seismological expert elicitation 
process conducted previously. The probabilistic seismic hazard assessment process 
resulted in an estimate of the source characteristics and source locations as a function of 
their probability of occurrence, expressed in terms of pga or pgv for a given annual 
exceedance probability (probability of occurrence per year). The resulting relationship of 
annual probability and pgv is termed the hazard curve. For each annual hazard level, a 
number of ground motions are compiled with magnitude, focal distances and frequency 
characteristics consistent with the probabilistic seismic hazard assessment, but that 
represent the variability of the potential ground motions. These ground motions are 
scaled to the pgv for a given annual exceedance frequency derived from the hazard curve.
Site-specific ground motions for three levels of annual probability of exceedance, 
5x10 '\  1x10'^ and 1x10'^, are included in this study. Figure 7 shows a comparison of 
the magnitude of the ground motions and the durations for these 3 levels of annual 
exceedance probability. The 5x10"* event is a preclosure consideration, while the 1x10'^ 
and 1x10"  ^events are for postclosure. A total of 15 sets of ground motions developed at 
repository horizon were selected for each postclosure hazard level. The multiple sets 
ensure a reasonable distribution of spectral shapes and time history. For each set of 
ground motions, two horizontal components (HI and H2) and one vertical component (V) 
of acceleration, velocity, and displacement are supplied. Only one ground motion was 
provided for the preclosure hazard level because of the deterministic-based design 
approach for preclosure consideration. The magnitude of the peak ground acceleration,
23
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velocity, and displacement, and the seismic induced fiar field stress for one of the ground
motion set from each hazard level are provided in Table 7.
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Table 7. Peak Ground Motion Parameters (BSC 2003b)
Annual
Hazard
Level
Ground
Motion
Component
Peak
Acceleration
(g )
Peak
Velocity
(cm/sec)
Peak
Displacement
(cm)
Seismic Induced 
Stress (MPa)
5x10'" Event
H1 0.19 19.00 12.86 1.09
H2 0.18 17.72 12.37 1.02
V 0.16 12.37 7.83 1.17
1x10'® Event, 
Ground Motion 
S e tl
HI 6.86 243.74 28.19 13.96
H2 7.31 243.35 17.44 13.94
V 10.46 229.79 14.26 21.79
1x10'^ Event, 
Ground Motion 
Set 1
H I 16.28 535.26 58.68 30.67
H2 14.79 428.42 58.72 24.55
V 13.15 298.44 36.86 28.30
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3.2 Data Analysis and Processing
3.2.1 Geotechnical Data Analysis
The intact rock elastic modulus and Poisson’s ratio obtained from the laboratory 
testings of the core hole samples were reviewed. A total of 79 sets of the intact properties 
were selected as the database for determining the base case and the range of variation. 
The base case joint strength parameters, i.e. cohesion and friction angle in a Coulomb slip 
criterion, are available through the rotary joint shear tests (Olssen & Brown 1997). Joint 
dilation angle and joint stiffness values were also measured in the rotary shear tests. 
Additional joint tests using the direct shear testing are considered for the range of 
variation. The base case material properties for joints and intact rock is summarized in 
Table 8. Joint dilation angle is conservatively assumed to be 0 with consideration of the 
smooth joint plane observed for the sub-vertical joint sets.
Table 8. Base Case Material Properties for 3DEC Analysis
Joint strength properties
Joint cohesion (MPa) 0.1
Joint friction (deg) 41
Joint dilation (deg) 0
Joint normal stiffness, Kn (MPa/m) 5.0E+04
Joint shear stiffness. Ks (MPa/m) 5.0E+04
Intact rock deformation properties
Modulus of elasticity (GPa) 33.03
Poisson’s ratio 0.21
Bulk modulus (Pa) 1.92E+10
Shear modulus (Pa) 1.36E+10
Intact bridge strength properties
Cohesion (MPa) 47.2
Friction angle (deg) 42
Tensile strength (MPa) 11.56
25
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3.2.2 Processing of Seismic Ground Motions
In running the 3DEC seismic simulation, the duration of the seismic time histories 
was truncated to that portion of the records displaying the majority of the energy. 
Initially, records were truncated to a duration bracketed by the 5-percent and 95-percent 
points in the energy buildup as measured by the Arias Intensity. Arias Intensity (an 
estimate of energy delivered to structures) for each set of ground motions is listed in 
Table 9. Large variation of energy within the same hazard level is observed. For each 
three-component set of ground motions, these points were determined for each 
component (HI, H2, and V) and then the earliest 5-percent point and the latest 95-percent 
point were used to define the duration for that set of ground motions. Because 
preliminary analyses showed that rockfall continued in some cases beyond the 95-percent 
energy buildup point, an additional 5 seconds was added to the duration used for all 
analyses. If the added 5 seconds exceeded the end of the time history, the end of the 
record was used. Table 10 presents the beginning and ending time for each set of ground 
motions and the consequent duration used for dynamic analysis. The table also shows the 
total duration of each set of time histories for comparison.
3.2.3 Generation of Joint Patterns Using FracMan
FracMan (Dershowitz 1984) was used to replicate the fracture geometry observed in 
the exploratory tunnels to develop a representative volume of jointed rock mass. To 
improve the method for estimating rockfall in the repository host horizon, a fracture 
network texture representation is developed. The fracture network texture representation 
provides the basis for geologically representative drift degradation scenarios. The
26
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existing fracture data was generalized to the rock mass volume and a synthetic fracture
network in 3 dimensions is constructed using FracMan.
Table 9. Arias Intensity (m/sec) for Each Ground Motion Set
Annual Hazard Level Ground Motion Set HI H2 V Total Sum
ilî|
1 246 304 482 1032
2 229 229 471 928
3 139 23 33 195
4 179 176 282 638
5 58 81 150 288
6 42 160 71 272
7 65 58 217 339
8 65 35 213 312
9 174 39 91 303
10 94 186 615 894
9O 11 63 74 146 283
X 12 97 40 117 254
13 82 131 56 269
14 43 386 206 636
15 24 42 86 151
1 1128 1215 820 3163
2 989 1202 2972 5163
3 577 735 971 2283
o 4 856 1052 1013 2921
5 373 568 205 1146Is 6 331 271 566 1168
i  m 7 303 291 3357 3951
8 343 524 437 1304
9 813 1691 3340 5844
<  ^ 10 282 125 409 816
b 11 272 214 321 808
X 12 277 284 332 893
13 469 815 881 2165
14 302 351 854 1507
15 112 72 244 428
5x10'" Annual Probability of Exceedance 0.59 0.67 0.46 1.72
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Table 10. Seismic Analysis Duration and Complete Time History Duration
Annual 
Hazard Level
Ground 
Motion Set
Dynamic 
Analysis Start 
Time (sec)
Dynamic 
Analysis End 
Time (sec)
Dynamic
Analysis 
Duration (sec)
Complete 
Time History 
Duration (sec)
0
1 ia. ro
Î  1
■o
X
S e tt 0.85 12.06 11.21 20.60
Set 2 0.59 13.13 12.54 26.00
Set 3 1.74 10.04 8.29 39.99
Set 4 1.37 19.96 18.59 26.11
Set 5 2.01 15.31 13.30 30.32
Set 6 2.36 14.96 12.60 41.63
Set 7 4.05 16.26 12.21 16.26
S ets 1.14 10.99 9.85 29.95
Set 9 0.79 13.18 12.39 29.98
Set 10 1.60 15.84 14.25 29.92
Set 11 2.14 15.27 13.13 39.94
Set 12 1.40 18.60 17.20 39.98
Set 13 1.91 22.01 20.10 39.95
Set 14 7.23 26.51 19.28 48.12
Set 15 3.83 16.78 12.95 31.99
i l
1 1
b
X
S e tl 1.28 12.47 11.19 20.60
Set 2 0.80 12.40 11.61 20.60
Set 3 1.75 9.73 7.98 19.99
Set 4 1.48 22.29 20.81 26.11
S ets 1.69 17.35 15.66 19.99
Set 6 2.44 15.57 13.13 19.99
Set? 3.55 16.26 12.71 16.26
S ets 1.21 11.48 10.27 20.60
Set 9 0.76 13.00 12.24 29.98
Set 10 1.67 14.58 12.90 19.98
Set 11 2.08 15.30 13.22 20.60
Set 12 2.17 20.66 18.50 39.98
Set 13 1.90 24.53 22.64 39.95
Set 14 5.37 28.94 23.57 40.00
Set 15 3.43 15.43 12.00 31.99
5x10'" Annual Probability of 
Exceedance
3.24 33.67 30.43 40.96
The sequence of steps for the development of synthetic fracture geometries includes 
the following;
Select a network volume
Inputs for the development of a fracture network start with the definition of the 
network volume. A center for the global region is entered and then the length of the side 
of the global generation “cube”. The premise to this simulation is that a 100-meter on a
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side cube results in a representative fracture network. A 100-meter cube is constructed for 
the Tptpmn unit as inputs to 3DEC.
Select an intensity/density
Intensity/density can be expressed as the total number of fractures, the number of 
fractures per length or the area of fractures per unit volume. For this study intensity is 
developed using the area of fractures per unit volume.
Fracture intensity measures are classified based upon the dimension of the 
measurement region and the dimension of the fracture measure. P stands for persistence 
and the measures are Pij. For example, P32 is the fracture area (dimension 2) divided by 
the region volume (dimension 3). The general relationship between the fracture intensity 
P32 and the mean fracture spacing, S, along a line is given by Dershowitz and Herda 
(1992):
P32 = C/S = CPio (Eq. 1)
where C is a constant that depends on the orientation distribution of the fractures. 
Dershowitz and Flerda (1992) suggested a range of expected values between 1.0 and 3.0 
and a value of 2.0 for a uniform distribution of orientations. The equations have been 
derived for the simplified case where the orientation distribution is constant. For 
different orientation distributions then the equation becomes inaccurate for large 
variations about the mean pole orientation. The main equation then becomes
3^2 -  /  \  (Eq- 2)
1
l[sin(^)f(^)d6)
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where d is the inter-fracture distance along a line, and f(8) is the orientation probability
density function. A constant P32 for each set of fractures, which is based on the 
consideration that there is no spatial heterogeneity in intensity, is used in this study. 
There are a few discrete changes in intensity observed in the fracture mapping data but 
for the most part the “average” intensity is constant as depicted by a linear cumulative 
fracture number versus stationing plot for each of the lithostratigraphic units.
Specify the geometric properties
Geometric properties include;
• Orientation (mean and distribution)
• Size (mean, distribution type and its parameters)
• Truncation probability value
The mean orientation and trace length of each joint set are provided in Table 1. The 
Fisher distribution for the fracture orientation is adopted to simulate the dispersion of the 
orientation within a set. The power law distribution for the fracture size is used. The 
power law is selected since the fracture process generally follows power law physics, 
such that the number of fractures greater than a given length (x) is proportional to 1/x 
raised to the power law exponent.
Construction of the FracMan network starts with the low-angle features. Because 
these features form first in the cooling process their truncation by other features is 
minimal. The truncation probability value (i.e., the probability that a fracture which 
intersects another fracture will be terminated against that fracture) for these features used 
in FracMan is 5 percent. To continue the construction of the FracMan network, the 
remaining fractures, having a dip greater than 45° are separated into two classes. The
30
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first class includes those fractures that formed about the same time as the vapor phase
partings (VPPs). These fractures are referred to as cooling joints and have long trace 
lengths with some truncation occurring against the VPPs and themselves. The truncation 
probability value used in FracMan is 10 percent. The second class includes the fractures 
that have a shorter trace length. These fractures are considered to be later cooling and 
tectonic fractures. These fractures are generated into a network comprised of VPPs and 
the high-angle cooling fractures and are truncated more severely than the earlier 
fractures. The truncation probability value used in FracMan is 70 percent.
Compare to existing observations
Comparison will have the same sampling biases (censoring and truncation). 
Comparison of stereonets, probability functions for distributions of trace length and 
spacing, and population of fracture intersection types. The developed synthetic joint 
geometry is adequate if it has statistical similarity compared to detailed line survey data. 
If the developed synthetic joint geometry is not adequate, then the above steps are 
repeated with an altered set of parameters.
A simulated tunnel 20-m long and 5-m in diameter is cut through the FracMan 
simulation. This simulated joints are then unfolded to mimic the full periphery map. A 
visual qualitative comparison is shown in Figure 8 to evaluate the adequacy of the 
fracture network simulation. The comparison is made to evaluate intensity and length 
with a sampling method identical to the observed sampling. The realization from 
FracMan is not meant to be a direct replicate of the field measurements, but is statistically 
similar. In this case, the sampling is a frill periphery geologic m ^.
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. The orientation comparison is presented in Figure 9. Pole plots for the detailed line
survey and FracMan are compared to ensure that the clusters from the detailed line 
survey are correctly simulated in FracMan. For the Tptpmn, the means and the spread 
about the means are adequately represented by the FracMan network.
Periphery Geologic MapsRandom 25 meter sections of Full
" I
of Full Periphery Geologic Map;
iÇ T Z T l KTTOZZT
r  \iryj\ 1/
Random 25 meter sections s from the
 5-------Î1 c
FracMan cube
\— n  —
/  J / / ;# 7 %
I 1- ^ ' â K M
00387DC_Q21.ai
Figure 8. Comparison of Full Periphery Geologic Maps from the Tptpmn in the
Exploratory Studies Facility with Simulated Full Periphery Geologic Maps
from the FracMan Cube
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Figure 9. Comparison of the Observed Tptpmn Fracture Poles to the FracMan Fracture
Poles
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CHAPTER 4 
ROCKFALL MODELING
The three-dimensional discontinuum analysis is used for simulation of the mechanical 
behavior of the jointed rock mass in the nonlithophysal units for loading conditions with 
which stability response will be controlled by the fractures. The program 3DEC was 
selected for its capability of simulating jointed rock mass under both thermal and seismic 
loadings. The jointed rock mass is represented as a number of intact rock blocks that are 
separated by interface planes whose mechanical behavior is represented by a standard 
Coulomb slip criterion. The intact blocks are subdivided into tetrahedral finite difference 
zones and can be assigned suitable mechanical constitutive law (Itasca 2002). Due to the 
high intact rock strength in the nonlithophysal units, rock blocks are considered to behave 
elastically.
It is important in the 3DEC analysis to include field fracture geometric data for 
modeling the nonlithophysal units. Since the fractures within the Tptpmn are non- 
persistent in nature (with mean trace lengths in the range of 1-m to 2-m, which is smaller 
than the diameter of the tunnel), many fractures are of insufficient length to form a 
regular block. The fracture geometries used as input to 3DEC are derived from the 
FracMan simulations as discussed in Section 3.2.3.
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4.1 3DEC Code Modification
Modifications to the 3DEC program have been made to accommodate the FracMan 
output; namely, the discontinuous nature of the fractures. In the earlier versions of 3DEC 
fractures are modeled as continuous in nature and thus it was impossible to have a 
fracture that ends in solid rock. The program now includes the capability of various sets 
of property assignment logic within a contact; therefore, the finite trace length fractures 
from FracMan can be modeled by bonding all fracture contact points outside the fracture 
surface. In this manner, it is possible for the contacts to be given the equivalent 
properties of the solid rock (allow shear in the fracture plane) or to simply join the 
adjacent blocks to form a discontinuous fracture.
Other enhancements added to 3DEC for rockfall modeling include: (1) implement 
free field boundary as the quiet boundary for dynamic analysis with superposition of the 
P and S wave motions, and (2) partial density scaling for dynamic analysis. Descriptions 
for these enhancements are provided in Appendix I. The combination of numerical 
analyses considering fracture geometry, seismic ground motion, material properties 
variation, and thermal loading scenario are immense. Several techniques were used to 
speed up the calculation in order to achieve reasonable computer run time. These 
techniques are also described in Appendix I.
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4.2 3DEC Rockfall Modeling
4.2.1 3DEC Model Set Up
Model Configuration
To account for the stochastic nature of the jointed medium, joint patterns were
selected by generating random tunnel centroid locations within the 100-m-cube simulated 
FracMan rock mass. A representative tunnel volume, approximately two tunnel 
diameters around the tunnel centroid and 25 m in length, is created at each of these 
locations to contain fractures generated in FracMan.
Figure 10 shows the base case 3DEC model geometry with a specific joint pattern. 
The model is slightly larger than a 25-m x 25-m x 25-m cube with the tunnel oriented at 
75" azimuth. The region with detailed fractures imported from FracMan is one diameter 
at the side of the tunnel and two diameters on top of the tunnel. This volume is 
considered sufficient to contain the limits of damaged rock, and of sufficient length to 
provide a representative volume of rockfall. Three cross-section views are included in 
Figure 10 to illustrate the fractures and blocks around the excavation. Rock mass that 
does not form blocks is shown with white color, while distinct blocks are identified as 
areas with shade. Some of the fractures shown in the cross-section views are artificial 
which were generated during the block cutting process or to facilitate mesh generation. 
The dimension of the model is selected to optimize the time required for analysis and the 
ability of the model to predict rockfall accurately. Sensitivity of the model dimension to 
the outcome of rockfall has been conducted and it was shown that the base case geometry 
is adequate for rockfall prediction. The drip shield is represented as a stiff block fixed to
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the invert of the drift. The drip shield block is placed to collect information on the
locations and relative velocities of the rockfall impact.
Input Material Properties
Input properties for the distinct block 3DEC model involve both the fracture and 
block (intact) properties. Values listed in Table 8 are used in 3DEC. A linear elastic 
model is used for the block material, whereas Coulomb slip criterion is used to present 
joint mechanical behavior. A linear elastic model is used as the intact block constitutive 
model for the 3DEC analysis. This approach is used to obtain a conservative (i.e., 
increased) estimate of the block volume. Although the low dipping vapor-phase parting 
consists of higher cohesive material, a single set of joint mechanical properties are used 
for all joints for conservatism (i.e., more rockfall will be produced). Coulomb slip 
criterion is also used for the intact bridges between adjacent fractures, as the intact 
cohesion and friction is assigned for the bridge strength.
Initial Stress State
The initial state of stress was included at the model consolidation stage. Based on the 
in situ stress measurement using the hydraulic fracturing, the vertical component of in 
situ stress is the major principal stress. The direction of the intermediate principal stress 
is N15°E with a ratio to major principal stress of 0.617, whereas the direction of the 
minor principal stress is N105°E with a ratio to major principal stress of 0.361. The 
vertical component of in situ stress (the major principal stress) is approximated as 7 MPa 
and the horizontal components (the minor and intermediate principal stresses) are 
simplified to be 3.5 MPa. The in situ stress for each emplacement drift will vary 
depending on the cover depth on top of the drift. The approximated values assigned for
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the in situ stress are adequate and insensitive to the results judging the magnitude of the
induced seismic and thermal stress.
Boundary Condition
The boundary conditions for various stages of the analysis are presented in Table 11.
At the initial consolidation stage and the later thermal loading period, fixed velocity 
boundaries were used to ensure boundary effect does not affect the stress distribution 
around the opening. For the seismic analysis, non-reflecting boundary is used for both 
the top and bottom of the model, whereas firee-field boundary is imposed at the perimeter 
of the model as shown in Figure 11. The free-field boundaries ensure that plane waves 
propagating upward suffer no distortion at the boundary. A description of the ffee-field 
boundary is provided in Appendix 1.
Dynamic loading was applied at the bottom of the model as a prescribed stress 
boundary, and propagated vertically upwards. Although the dynamic loading was 
specified as velocity histories, it was applied at the bottom model boundary as stress 
boundary condition. However, using formulas developed for plane waves in elasto- 
dynamics, direct relation between velocity and stress can be established (Itasca 2002, 
Manuals/3DEC/Optional Features/Section 2: Dynamic Analysis, Section 2.6):
where p is material density; Cp and Cs are P and S wave velocity; andv., andi^ are
vertical and horizontal velocity component. The factor 2 in Equation 3 is due to quiet 
boundaries.
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Figure 10. 3DEC Model Geometry and Cross-Sections.
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Table 11. Boundary Conditions for 3DEC Analysis
Boundary
Initial Consolidation 
and Excavation 
Stage
Thermal Analysis 
Stage
Dynamic Analysis 
Stage
Lateral Fixed at the direction normal to the face
Fixed at the direction 
normal to the face Free-Field boundary
Bottom Fixed at the vertical direction
Fixed at the vertical 
direction Non-reflecting boundary
Top Fixed at the vertical direction
Fixed at the vertical 
direction Non-reflecting boundary
Thermomechanical Modeling
Coupled thermal-mechanical processes are simulated to assess the thermal effect to 
the drift stability. This thermal-mechanical calculation investigates the temperature 
history throughout the preclosure and postclosure periods of the repository, and stress 
changes, Ac%, due to temperature change, according to the following relation (Itasca 
2002, Manuals/3DEC/Optional Features/Section 1: Thermal Option, Section 1.2.3):
(Eq.4)
where ôy is the ô (unit matrix), a  is the coefficient of thermal expansion (°C‘^ ), K  is the 
bulk modulus (Pa), and AT is the change in temperature (°C).
The drift-scale thermal-mechanical calculation consists of the temperature history 
(thermal) calculation and the thermal stress (mechanical) calculation. The thermal part of 
the drift-scale calculation was performed by NUFT code simulating two-dimensional 
drift-scale thermal-hydrologic behavior. Variation of temperatures throughout the rock 
mass due to heating was calculated. Temperature fields were generated for a number of 
times after waste emplacement.
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M(a) Free-Firid Boundaries 
(Perspective View)
(b) Free-Firid Boundaries 
(Top View)
Figure 11. Illustration of Free-Field Boundaries in 3DEC Model
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The temperature history results fiom the NUFT code were imported to the Fast
Lagrangian Analysis of Continua (FLAC), a two-dimensional finite-difference code, to 
calculate the induced thermal stresses around the emplacement drift. 3DEC was not used 
for the thermal-mechanical analysis because it has a simplistic model of heat conduction 
based on analytic solutions, which deals with complicated boundaries in an approximate 
way. Also, the 3DEC model axes are oblique relative to the drift axis, making it difficult 
to extend the model to the plane of symmetry between the drifts, which is necessary for 
stress calculation due to heating. In the next step, elastic thermal stress increments, 
calculated with FLAC, are imported into 3DEC in a sequential manner. For each elastic 
stress change due to temperature change, 3DEC is first ran elastically to equilibrium (all 
joints were set to be elastic). Subsequently, the finite strength was assigned to the joints, 
and the new equilibrium following Coulomb slip model was determined..
The mechanical models that use those temperature fields generated Ifom NUFT are 
subjected to discrete temperature changes when moving from one temperature state to 
another, hi reality, those changes are continuous instead of discrete. Because the 
mechanical models of drift stability are non-linear, their results are path-dependent. To 
ensure that the model results are not affected by discrete stress changes, the temperature 
increment was hmited to around 5°C.
4.2.2 Joint Pattern and Block Formation
Joint patterns are constituted by the fi-acture geometric parameters, such as the 
fracture orientation, trace length, and frequency. It was shown in the probabilistic key 
block analysis that the joint patterns have significant impact to the block formation
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(CRWMS M&O 2000a). This has also been confirmed in the 3DEC block modeling as
described below.
A total of 25 randomly selected tunnel locations within the 100-m FracMan cube 
(Section 3.2.3) were analyzed using 3DEC for the distinct block formation. The distinct
blocks are the blocks that exist in the rock mass regardless of whether the blocks are 
kinematically or mechanically suitable to fall. In the 3DEC rockfall model, the distinct 
blocks include the blocks intersected by fractures with rock bridges. It is important to 
delineate the difference of the distinct blocks from the key blocks. Most of the identified 
distinct blocks could not fall due to the geometrical or mechanical constraint, whereas the 
key blocks are the blocks analyzed to be unstable with excavation or other external 
forces. The number of distinct blocks provides a good estimate on how blocky the rock 
mass is.
Table 12 presents the number of distinct blocks and the maximum distinct block size 
based on the 25 simulations. Large variation exists from one simulation to the next, for 
example, 151 distinct blocks identified in Case 5 but only 28 blocks for Case 4. The 
block formation appears to be quite sensitive to the joint pattern selected. The distinct 
block numbers and the maximum distinct block size results are also presented graphically 
in Figures 12 and 13. The block size distributions presented in the form of cumulative 
percentage are shown in Figure 14. The block size distributions for all blocks identified 
in all 25 cases and three individual cases are included. The three individual cases were 
selected based on the number of blocks predicted within the simulation. The cases with 
the least, the median, and the most number of blocks were chosen to cover the likely 
range. The block size distribution curves show similar trend with the majority of blocks
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predicted to be relatively small sizes (less than 2 cubic meter). This is consistent with the 
prediction reported in the key block analysis (CRWMS M&O 2000a).
Table 12. 3DEC Distinct Block Estimate
Case Number Number of Distinct Blocks Maximum Block Size (m^)
Case 1 127 37.45
Case 2 158 59.95
Case 3 110 117.55
Case 4 28 3.7
Case 5 151 17.95
Case 6 104 25.05
Case 7 69 66.45
Case 8 42 5.95
Case 9 173 16.3
Case 10 177 36.95
Case 11 54 13.05
Case 12 176 153.7
Case 13 35 4.65
Case 14 46 12.15
Case 15 55 14.15
Case 16 27 15.75
Case 17 79 18.55
Case 18 344 46.8
Case 19 206 21.6
Case 20 50 17.6
Case 21 146 106.6
Case 22 196 24.45
Case 23 228 27.6
Case 24 19 16.95
Case 25 176 32.85
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Figure 14. Distinct Block Size Distributions 
4.2.3 Seismic Analysis
4.2.3.1 Combination of Joint Pattern and Seismic Ground Motions
As described in Section 3.1.4, a total of 15 sets of ground motions were selected for 
each postclosure hazard level. The multiple sets ensure a reasonable distribution of 
spectral shapes and time history. It has also been shown in Section 4.2.2 that the block 
formation is very sensitive to the joint pattern selected. The consideration of the 
variation of joint pattern combined with ground motions is necessary in order to obtain a 
representative block size distribution during seismic shaking. However, a traditional 
Monte Carlo of these two parameters will be too numerous for computation considering 
each simulation is a mechanical analysis for a complex joint system. The approach to 
limit the number of simulations while including the consideration of both variables is to 
use the Latin hypercube sampling for random sampling.
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Latin hypercube technique is useful when one must sample a multiple dimensional
space with relatively sparse sampling points (Press et al. 1992). The idea is to partition 
each parameter into M (M = number of sampling points, i.e. the number of 3DEC 
simulations), so that the whole space is partitioned into cells (N = the number of 
parameters considered). Next, randomly choose one of the cells for the first point, then 
eliminate all cells that agree with this point on any of its parameters. Continue the 
process until the last cell left, which then contains the final sample point. The result of 
this construction is that each design parameter will have been tested in every one of its 
subranges.
A random selection of 105 centroid locations within the FracMan 100-m cube was 
first conducted to cover the likely range of variation for joint patterns. The process of 
random generation and the coordinate of the centroid locations in the 100-m cube are 
provided in Appendix U. These 105 centroid locations combined with the 15 sets of 
ground motions served as the pointers for sampling. The proprietary software GoldSim is 
used for the Latin hypercube sampling. Table 13 lists the 90 sets of combinations 
provided from GoldSim random sampling for seismic analysis.
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Table 13. Combinations of Joint Pattern and Ground Motions for Seismic Analysis
3DEC Simulation Ground Motion Time Joint PatternNumber History Number
1 7 22
2 11 21
3 11 30
4 15 27
5 14 26
6 13 10
7 5 19
8 10 9
9 5 23
10 12 5
11 3 6
12 3 17
13 9 12
14 6 14
15 7 25
16 13 3
17 15 79
18 12 7
19 1 102
20 16 75
21 11 33
22 5 78
23 12 15
24 3 29
25 5 37
26 6 99
27 15 42
28 6 24
29 4 59
30 9 65
31 10 39
32 6 50
33 8 103
34 15 35
35 5 57
36 9 67
37 10 63
38 9 82
39 12 4
40 1 83
41 12 16
42 3 98
43 14 28
44 4 8
45 2 74
46 11 80
47 12 81
48 12 71
49 11 96
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3DEC Simulation 
Number
Ground Motion Time
History Number Joint Pattern
50 14 49
51 7 20
52 3 62
53 9 41
54 6 69
55 10 11
56 2 54
57 8 104
58 15 36
59 6 53
60 8 94
61 14 92
62 14 68
63 10 48
64 7 18
65 3 1
66 1 93
67 14 84
68 12 91
69 13 90
70 13 2
71 1 100
72 15 13
73 2 73
74 11 43
75 7 72
76 11 105
77 2 88
78 13 52
79 8 86
80 13 85
81 3 77
82 11 56
83 8 45
84 7 40
85 6 89
86 4 47
87 1 44
88 7 55
89 1 34
90 3 97
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4.2.3.2 Results for Seismic Analysis Subjected to 1x10"^  Ground Motions
The results for a complete set of 3DEC analyses subjected to the postclosure hazard 
level of 1x 10’^  annual probability of exceedance ground motions are presented in this 
section. A sufficiency analysis was conducted to assure that the number of simulations is 
adequate to provide the representation of rockfall prediction. The statistics of the 
analysis results for the first 15 simulations, first 30 simulations, first 45 simulations, first 
60 simulations, and first 76 simulations were compiled to investigate the trend of the 
predicted blocks. The median, maximum, and standard deviation of the predicted rock 
blocks are compared in Figures 15 to 17 respectively. The size distribution presented in 
the form of cumulative percentage was also calculated as shown in Figure 18. It is 
apparent that at least 45 simulations are required in order to obtain a reasonable estimate 
of rockfall. The 76 simulations are concluded to be adequate to provide reasonable 
rockfall results for this level of ground motions.
Figure 19 compares the input ground motion for the first horizontal component (HI, 
ground motion set #4) with the recorded velocities at the base of the model and at the 
center of the model. The results confirm the correct wave inputs and proper wave 
propagation in the 3DEC model. A drip shield block anchored at the invert is included in 
the model to record the information of the locations and relative velocities for the rockfall 
impact. The fallen blocks are subsequently deleted after impacting the drip shield. The 
deletion is to facilitate the recording of all possible rockfall on the drip shield. If the 
blocks are not deleted for the heavy rockfall cases, the drip shield will be covered with 
fallen rocks so that some of the rockfall at the later part of seismic shaking will not 
impact the drip shield. The simulation without deletion of the rock block after the impact
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has been conducted for sensitivity. The results indicate less rockfall impact without the
deletion scheme.
Time histories of normal and shear stresses for joints close to the opening were 
recorded during the seismic shaking in the 3DEC model. Figure 20 shows typical normal 
and shear stress time histories at a fracture contact taken from 3DEC simulation #21 with 
ground motion set #10. Major seismic loading appears to occur at the duration of two to 
six seconds, consistent with the input ground motion. The stress path of this fracture 
contact is plotted against the Coulomb slip criterion, as shown in Figure 21. It is 
observed that shear slip started at around two seconds when the normal stress of the 
fracture drops to 1 MPa due to the extensile motion from seismic loading.
The results of the 76 3DEC simulations are summarized in Table 14. Approximately 
two thirds of the simulations predicted rockfall under seismic shaking. A total of 279 
blocks have been identified from the analyses. The associated impact parameters for 
these blocks from the analyses include the following;
• Rock block volume falling on the drip shields (unit in m^)
• Relative impact velocity of rock block to the drip shields (unit in meter/sec)
• Impact location.
A detailed listing of the impact information for each recorded block is provided in 
Appendix III. The impact locations are provided as the coordinates based on the drip 
shield local coordinate system (Figure 22). The distribution of the data for each 
parameter (i.e., block mass, relative impact velocity, impact angle, impact momentum, 
and impact energy) is presented using histograms (Figures 23 to 27). Also included in 
each histogram plot is the cumulative frequency of occurrence. Due to the gravity effect.
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most of the rockfall will occur in the range of 48° to 132° as conhrmed in Figure 25. The
impact momentum and impact energy, both functions of block mass and impact velocity, 
were calculated as the required outputs for drip shield structural response calculation.
Summary statistics for these parameters are provided in Table 15. The maximum 
rockfall block mass predicted is 21.42 metric tons with median block size of 0.23 metric 
tons. The predicted results show large variance and high skewness with the exception of 
impact velocity, as confirmed by the shape of the histograms. The block mass, impact 
angle, impact momentum and impact energy show the trend of exponential distribution 
with most of the data concentrated on the low end of the data range. The impact velocity 
shows a typical bell shape for the normal distribution. The distribution centers around 3 
m/sec with a standard deviation of approximately 1.5 m/sec. The relative low impact 
velocities indicate that block fall-out is mainly due to free fall. Differential acceleration 
or energy trapping to induce high ejection velocity is not observed.
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Figure 19. Comparison of Input Seismic Wave and Recorded Velocities in 3DEC Model
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Table 14. Summary of 3DEC Rockfall Prediction for 1x10"® Annual Probability of
Exceedance Hazard
Simulations Completed 76
Number of Simulations Predicting No Rockfall 24
Total Number of Rockfall 281
Total Volume of Rockfall (m^) 101.8
Total Length of Drift Simulated (m) 1900
Number of Blocks per km 148
Volume of Rockfall per km (m^) 53.6
Table 15. Statistic Summary of the Rockfall Impact Parameters, 1x10'® Annual
Probability of Exceedance Hazard
Block Mass 
(metric ton)
Relative
Impact
Velocity
(m/sec)
Impact Angle 
(degree)
Impact
Momentum
(kg*m/sec)
Impact
Energy
(Joules)
Mean 0.87 3.39 132 2747 5267
Median 0.23 3.49 120 663 902
Standard Deviation 1.97 1.61 81 6209 12941
Skewness 6.04 0.04 1.12 6.23 7.52
Range 21.39 7.54 355 68836 163083
Minimum 0.02 0.02 5 4 0
Maximum 21.42 7.56 360 68840 163083
Sum 245.55 NA* NA* 771861 1479888
NOTE: *Not Applicable
58
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
YImpact angle
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Figure 22. Definition of Impact Angle and Drip Shield Block Local Coordinate System
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4.2.3.3 Results for Seismic Analysis Subjected to 1x10^ Ground Motions
The results for a complete set of 3DEC analyses subjected to the postclosure hazard 
level of 1x 10 '^  annual probability of exceedance ground motions are presented in this 
section. A sufficiency analysis was also conducted to assure that the number of 
simulations is adequate to provide the representation of rockfall prediction for this level 
of ground motions. The statistics of the analysis results for the first 15 simulations, first 
30 simulations, first 45 simulations, first 60 simulations, and first 76 simulations were 
compiled to investigate the trend of the predicted blocks. The median, maximum, and 
standard deviation of the predicted rock blocks are compared in Figures 28 to 30 
respectively. The size distribution presented in the form of cumulative percentage was 
also calculated as shown in Figure 31. The results are similar to the case with 1x10^ 
ground motions that 45 simulations appear to be the minimum required in order to obtain 
a reasonable estimate of rockfall. The 76 simulations are concluded to be adequate to 
provide reasonable rockfall results for this level of ground motions.
Figure 32 compares the input ground motion for the first horizontal component (HI, 
ground motion set #7) with the recorded velocities at the base of the model and at the 
center of the model. As for the case of 1x10^ annual probability of exceedance hazard, 
the results confirm the correct wave inputs and proper wave propagation in the 3DEC 
model.
Time histories of normal and shear stresses for joints close to the opening were
recorded during the seismic shaking of 1x 10 '^  annual probability of exceedance ground 
motions in 3DEC model. Shear failure similar to the case for 1x10^ annual probability 
of exceedance ground motions, as shown in Figures 20 and 21, were observed for most of
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the fiacture contacts around the opening. Figure 33 shows the normal and shear stress
time histories at a rock bridge taken from 3DEC simulation #78 with ground motion set 
#7. The stress path of this bridge contact is plotted against the Mohr-Coulomb criterion 
with tension cut-off^  as shown in Figure 34. A tensile stress pulse at around 8 seconds 
reaches the tensile strength of the intact material and subsequently fractures the rock 
bridge. The bridge contact shows no resistance to the tensile stress afterward.
The results of the 76 3DEC simulations are summarized in Table 16. Approximately 
20 percent of the simulations predicted no rockfall under this level of seismic shaking. A 
total of 380 blocks have been identified from the analyses. A detailed listing of the 
impact information for each recorded block is also included in Attachment III. Summary 
statistics for these parameters are provided in Table 17. The maximum rockfall block 
mass predicted is 21.42 metric tons, which is the same as predicted for the 1x10'^ annual 
probability of exceedance ground motions. The median block size is 0.23 metric tons, 
also the same as predicted for the 1x10'^ annual probability of exceedance hazard. The 
median impact momentum and energy predicted for rockfall impact onto drip shield for 
the 1x10 '^  annual probability of exceedance hazard are approximately two times the 
values at 1x10^ annual probability of exceedance hazard. Figures 35 to 39 present the 
histograms and the cumulative frequency of occurrence for the five impact parameters. 
The distribution of each parameter is similar to that for the 1x10'^ annual probability of 
exceedance hazard.
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Table 16. Summary of 3DEC Rockfall Prediction for 1 x 10'  ^Annual Probability of
Exceedance Hazard
Simulations Completed 76
Number of Simulations Predicting No Rockfall 16
Total Number of Rockfall 380
Total Volume of Rockfall (m^) 151.2
Total Length of Drift Simulated (m) 1900
Number of Blocks per km 200
Volume of Rockfall per km (m^) 79.6
Table 17. Statistic Summary of the Rockfall Impact Parameters, 1x10'^ Annual
Probability of Exceedance Hazard
Block Mass 
(metric ton)
Relative
Impact
Velocity
(m/sec)
Impact Angle 
(degree)
Impact
Momentum
(kg*m/sec)
hnpaet
Energy
(Joules)
Mean 0.96 5.03 139 4169 11459
Median 0.23 4.63 127 980 2440
Standard Deviation 2.04 2.78 87 8489 27461
Skewness 5.01 1.00 1.06 4.64 6.73
Range 21.39 17.67 356 89485 348170
Minimum 0.02 0.07 1 18 4
Maximum 21.42 17.74 357 89502 348174
Sum 364.58 NA* NA* 1584186 4354385
NOTE; *Not Applicable
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4.2.3.4 Results for Seismic Analysis Subjected to 5x10 Ground Motions
The results for the preclosure hazard level of 5x10"  ^annual probability of exceedance 
ground motions are presented in this section. As described in Section 3.1.4, only a single 
set of ground motion is considered in the rockfall analysis for preclosure seismic level 
due to the deterministic approach for the preclosure design. With much lower amplitude 
of ground motion for the preclosure hazard level and hence, much less rockfall hazard is 
anticipated, only 25 runs were conducted for the cases with of 5x10'"* ground motions 
compared to 76 cases for postclosure cases (1x10'^ and IxlO ’ ground motions. The 
rockfall simulation results for the cases with 1x10'^ ground motions were used to select 
the 25 joint patterns with most block fall predicted. Table 18 lists the corresponding joint 
patterns for the 25 preclosure runs.
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Figure 40 compares the input ground motion for the first horizontal component with
the recorded velocities at the base of the model and at the center of the model. The 
results confirm the correct wave inputs and proper wave propagation in the 3DEC 
preclosure seismic run.
Time histories of normal and shear stresses for joints close to the opening were 
recorded during the seismic shaking in the 3DEC model. Figure 41 shows typical normal 
and shear stress time histories at a fracture contact taken from 3DEC simulation #19 for 
preclosure case. Very minor perturbation of both normal and shear stresses along 
fracture contact is observed. The stress path of this fracture contact is plotted against the 
Coulomb slip criterion (Figure 42). The stress state at the fracture contact is found to be 
well below the failure criterion.
The results of the 25 3DEC preclosure simulations are summarized in Table 19. 
Rockfall under the seismic shaking with 5x10'"* ground motions was predicted for about 
half of the simulations. A total of 37 blocks were identified from the analyses. The 
rockfall density predicted in Table 19 should be considered as the high end of the 
prediction since the 25 simulations selected were the fracture patterns with most of the 
blocks predicted in the postclosure runs.
The impact parameters due to rockfall on the drip shield are listed in Attachment III. 
Summary statistics for these parameters are provided in Table 20. The maximum rockfall 
block mass predicted for preclosure case is 2.89 metric tons with a median block size of 
0.47 metric tons. Most of the parameters estimated are considerably smaller than 
predicted for postclosure cases. Figures 43 to 47 present the histograms and the 
cumulative frequency of occurrence for the five parameters. The relative low impact
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velocities, as shown in Figure 44, indicate that block fall-out is mainly due to free fall.
Differential acceleration or energy trapping to induce high ejection velocity is not 
observed.
Table 18. Combinations of Ground Motion and Joint Pattern of 3DEC Analyses
3DEC Simulation Number for Preclosure 
Runs Joint Pattern
1 8
2 16
3 33
4 39
5 59
6 93
7 11
8 14
9 100
10 19
11 5
12 7
13 49
14 63
15 62
16 78
17 57
18 79
19 36
20 82
21 15
22 92
23 48
24 9
25 2
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for 5x10"  ^Annual Probability of Exceedance Ground Motion (HI)
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Table 19. Summary of 3DEC Rockfall Prediction for 5 x 10"^  Annual Probability of
Exceedance Hazard
Simuiations Compieted 25
Number of Simuiations Predicting No Rockfall 14
Total Number of Rockfall 37
Total Volume of Rockfall (m^) 7.3
Total Length of Drift Simulated (m) 625
Number of Blocks per km 59
Volume of Rockfall per km (m^) 11.7
Table 20. Statistic Summary of the Rockfall Impact Parameters, 5x10 Annual
Probability of Exceedance Hazard
Block Mass 
(metric ton)
Relative
Impact
Velocity
(m/sec)
Impact Angle 
(degree)
Impact
Momentum
(kg*m/sec)
Impact
Energy
(Joules)
Mean 0.47 2.22 159 1101 1518
Median 0.17 2.08 131 175 237
Standard Deviation 0.73 1.11 82 1923 3081
Skewness 2.20 0.33 1.12 3.23 4.17
Range 2.87 4.98 309 10040 17493
Minimum 0.02 0.06 47 22 1
Maximum 2.89 5.05 355 10062 17494
Sum 17.51 NA* NA* 40724 56169
NOTE: *Not Applicable
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4.2.4 Thermal Analysis
The extensive analysis of drift stability discussed in Section 4.2.3 has been conducted 
considering seismic shaking plus an in situ stress state perturbed by the excavation of the 
emplacement drifts only. The effects of the thermally generated stresses in the rock mass 
surrounding the repository were not taken into account. This section provides the results 
for the analyses including thermal consideration.
Thermal-mechanical analysis was conducted for two sets of thermal rock mass 
properties (discussed in Section 3.1.3): (a) the base case, using the mean values of 
thermal conductivity and specific heat, and (b) the thermal sensitivity case, using the 
values for thermal conductivity and specific heat one standard deviation smaller than the 
mean. The values for the sensitivity case thermal properties are provided in Section 
3.1.3.
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Four joint patterns are selected in the thermomechanical analysis based on the
predicted rockfall results from the seismic analysis with 1x10'^ ground motions. The four 
joint patterns are:
• Joint pattern #16- worst rockfall case (Case 41 in Table 13)
• Joint pattern #8 -  second worst rockfall case (Case 44 in Table 13)
• Joint pattern #103 -  typical rockfall case (Case 33 in Table 13)
• Joint pattern #73 -  Worst rockfall case (Case 73 in Table 13)
With consideration of two sets of thermal properties, a total of 8 simulations were 
conducted. It is predicted that no rockfall occur due to the thermal loading only for all 8 
simulations. The stress paths (shear stress versus normal stress) on the joints around the 
drift (in the wall and the roof) for the base case thermal properties and joint pattern #103 
(typical rockfall case) are shown in Figures 48 and 49. For most of the points 
(particularly in the wall), the stress paths move away from the slip surface, indicating 
increasing block stability. The analysis is carried out considering the blocks to be elastic. 
In order to demonstrate that heating will not induce stress levels inside the blocks 
sufficient to cause damage, stress paths from the linearly elastic are shown in Figures 50 
and 51 relative to the Mohr-Coulomb yield surface (using an unconfmed compressive 
strength of 70 MPa and a 40 ° friction angle). In both the wall and the roof, thermally 
induced stress variations are well within the elastic region. The approach of linear block 
behavior during thermal loading is justified.
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Figure 48. Stress Paths on Joints in the Drift Wall: Joint Pattern #103, Base Case Thermal Properties
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Figure 49. Stress Paths on Joints in the Drift Roof; Joint Pattern #103, Base Case Thermal Properties
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Figure 50. Stress Paths in the Drift Wall: Elastic Model
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Figure 51. Stress Paths in the Drift Roof: Elastic Model
The effect of ground motions, in addition to thermal loading, is also considered. The
effect of the thermal stresses on drift stability during seismic shaking depends on how the 
stress state, throughout the rock mass and on the pre-existing joints, changes in the stress 
space relative to the failure surface. If the stress state (particularly in the vicinity of the 
drifts) predominantly moves away from the failure surface due to stress changes caused 
by heating, the rock mass becomes more stable and resistant to ground shaking. 
However, if the stress state predominantly moves towards the yield surface or reaches it 
(i.e., rock mass yields during the heating), there will be more rockfall caused by ground 
motion. It is difficult to determine a single index or condition that characterizes this 
effect in an integrated way for the entire rock mass.
Temperatures around the emplacement drift will increase for a certain period of time 
after emplacement of the waste; however, as a result of decay of the released heat, the 
temperatures will also decrease. Consequently, the stress state around the repository 
during the regulatory period will be transient. A simplified approach was adopted in 
which rockfall caused by ground shaking was estimated for the “most critical” stress 
state. Stress paths at a number of locations on the joints surrounding the drift were 
recorded during the temperature changes. The critical state (or time after waste 
emplacement) was determined by qualitative inspection of those stress paths. The model 
in the most critical state during the regulatory period was then subjected to a 1x10^ 
ground motions.
The effect of seismic shaking combined with thermomechanical effects was 
considered for the same cases as for thermal only analyses. As shown in Figures 48 and
49, stress paths projected on joint planes in the wall and the roof move away, in general.
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ftom the yield surface (particularly at the points in the wall shown in Figure 48). The
critical state appears to be the in situ stress state (marked with a square at the beginning 
of each curve) for which extensive seismic stability analysis had been conducted. 
Another state of interest was the other extreme point on the stress path curves (also 
marked with a square), which, as presented in Figures 48 and 49, corresponds to 80 years 
after waste emplacement. Stress paths for the thermal sensitivity case and joint pattern # 
103 are presented in Figures 52 and 53. The critical stress states for both the base and the 
thermal sensitivity cases are determined in a similar manner for other jointing cases. 
These states are indicated in Tables 21 and 22 (as “time of ground motion”), which also 
summarize total rockfall after shaking the models with specified ground motions. 
Clearly, heating significantly reduces the amount of rockfall. Also, the thermal 
sensitivity case results in higher temperatures and less rockfall than the base case. These 
results are consistent with the stress paths shown in Figures 48 and 49. The results of 
seismic rockfall analysis for in situ stress conditions are conservative since they predict 
higher number of unstable blocks and total volume of rockfall.
Table 21. Rockfall in Nonlithophysal Rock Due to 10'  ^Ground Motion Combined 
with Thermomechanical Effects: Base Case of Thermal Properties
Case
Ground
Motion
Joint
Pattern
Time of 
Ground 
Motion 
(year)
Number 
of Blocks
Rockfall
Volume
(m^)
Time of 
Earthquake 
(year)
Number
of
Blocks
Rockfall
Volume
(m^)
Worst 4 8 0 44 42.26 80 5 0.58
2"  ^Worst 12 16 0 21 12.99 80 2 1.54
Typical 8 103 0 2 0.08 80 0 0.00
No Rockfall 2 73 0 0 0.00 300 0 0.00
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Table 22. Rockfall in Nonlithophysal Rock Due to 1 O'® Ground Motion Combined 
with Thermomechanical Effects: Thermal Properties One Standard 
Deviation Less Than Mean
Case
Ground
Motion
Joint
Pattern
Time of 
Ground 
Motion 
(year)
Number
of
Blocks
Rockfall
Volume
(m )^
Time of 
Earthquake 
(year)
Number
of
Blocks
Rockfall
Volume
Worst 4 8 0 44 42.26 70 5 0.59
2"" Worst 12 16 0 21 12.99 80 0 0.00
Typical 8 103 0 2 0.08 70 0 0.00
No Rockfall 2 73 0 0 0.00 70 0 0.00
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Figure 53. Stress Paths in the Drift Roof Joint Pattern #103, Sensitivity Case Thermal Properties
4.2.5 Sensitivity Study of the Rock Mechanical Parameters
The base-case joint properties, discussed in Section 3.1.2 and listed in Table 8, were 
based on the rotary shear tests of the cored samples. Additional direct shear tests 
(Section 3.1.2) have been completed, and results from these tests are used to provide the 
range of variation tested in the sensitivity studies. With limited joint test results currently 
available and the fact that the use of rotary shear devices in rock mechanics is sparse, 
some of the parameters in the base case, such as cohesion and dilation angle, were scaled 
down from the testing results for conservatism, to allow for increased rockfall.
A range of joint properties, as shown in Table 23, was selected for the sensitivity 
study. The values were established based on the residual friction angle of 30° and three 
tiers of dilation angles. The dilation angles were selected within the range of reported 
test results. Cohesion is conservatively set to 0. The results of these sensitivity studies 
shows that the joint cohesion, friction angle and stiffriess variability have minimal impact 
on rockfall, however dilation angle does. The base case assumes that all of the joints 
have zero dilation angle (i.e., they are smooth). The direct shear test results show that the 
dilation angles are in the range of 0 to 4° for cooling joints and 12° to 16° for vapor phase 
partings (Section 3.1.2). Since the dilation angle is closely associated with the roughness 
of the joint, dilation angle is commonly estimated based on the joint roughness 
coefficient (JRC) (Barton and Choubey, 1977). The peak dilation angle for the smooth, 
subvertical cooling joints is approximately 1.2° to 4.4° (JRC of 2-8), and is 8.4° to 8.8° 
(JRC of 12-16) for the subhorizontal vapor phase partings. The short fractures in the 
Tptpll are rough, with estimated peak dilation angles of 8.4° to 11° (JRC of 12-20). The 
sensitivity analyses results are presented in Table 24. The results show that, in general,
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variatioii of joint strength and stifBiess parameters have little E^preciable eflect on
rockfall. Setting cohesion to zero and friction angles to estimated residual levels (friction 
angle of 30°) has little effect on rockfall. Only when assuming rough subvertical joint 
sets and relatively large dilation angles is an impact observed. For example, assuming 
rough joints (i.e.. Joint Category 3 in Table 23) reduces the rockfall volume by roughly 
one-half. In any case, the base case assumptions of joint properties is conservative since 
zero dilation angle (and zero tension strength) is assumed.
The rock mass surrounding the excavations may undergo over-stressing from thermal 
heating and/or time-dependent damage associated with static fatigue resulting from stress 
corrosion mechanisms. Another likely long-term effect includes the increasing amounts 
of moisture/air induced weathering along the joints elose to the tunnels. This damaged 
and/or weathered material may result in block fallout. Static fatigue of hard rocks 
typically is associated with stress levels on the order of 60 to 80 percent of the uniaxial 
compressive strength. Fatigue failure would presumably initiate along asperities on 
fracture surfaces, reducing the effective friction angle along the fracture surfaces.
The impact on drift stability due to the effect of rock joint degradation is assessed 
based on a conservative estimate of the reduction of joint cohesion and friction angle. 
The reduced joint strength parameters are estimated to be in the range of the residual state 
with joint cohesion reduced to zero and the joint friction angle reduced to 30°. The 
reduced friction angle is a typical value for a smooth joint reported by Goodman (1980, 
p. 158) and is consistent with the direct shear test results. Dilation angle is also 
conservatively presumed to be zero considering the asperities on fracture surfaces had 
been sheared off, resulting in greater rockfall. The degraded joint strength and
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dilatational properties were applied in the ft)ur seismic motion cases that represent
the two with greatest amount of rockfall, the median case, and the case producing no 
rockfall. The predicted number of detached rock blocks and the total rockfall volume 
show only a slight increase in rockfall is predicted for the degraded state as shown in 
Table 24. Thus joint strength degradation has a minor impact on stability.
Table 23. Joint Properties Used in the Sensitivity Study
Joint
Category
Joint
Cohesion
(Pa)
Joint
Dilation
Angle
Peak Friction
Angle
Joint Normal 
Stiffness 
(Pa/m)
Joint Shear 
Stiffness 
(Pa/m)
1 0 1.4 31.4 5.0E+10 2.5E+09
2 0 4.4 34.4 3.8E+10 1.9E+09
3 0 11 41 3.4E+10 1.7E+09
Degraded 0 0 30 5.0E+10 5.0E+10
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Table 24. Sensitivity of Joint Properties for Rockfall Prediction
Joint Pattern 1x10'^ Ground Motion Set
Joint Property 
Category
Number of 
Rockfall
Total Rockfall 
Volume (m )^
8 4 Base Case 44 42.26
8 4 Joint Category 1 46 47.54
8 4 Joint Category 2 43 41.29
8 4 Joint Category 3 34 22.00
8 4 Degraded Joint 46 47.32
16 12 Base Case 21 12.99
16 12 Joint Category 1 23 12.75
16 12 Joint Category 2 25 13.44
16 12 Joint Category 3 15 7.54
16 12 Degraded Joint 21 12.99
103 8 Base Case 2 0.08
103 8 Joint Category 1 0 0
103 8 Joint Category 2 0 0
103 8 Joint Category 3 0 0
103 8 Degraded Joint 5 0.13
73 2 Base Case 0 0
73 2 Joint Category 1 0 0
73 2 Joint Category 2 0 0
73 2 Joint Category 3 0 0
73 2 Degraded Joint 0 0
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CHAPTERS
VALIDATION OF THE ROCKFALL MODEL
The 3DEC discontinuum program is used to model the mechanical response of the 
jointed-rock block system in three dimensions. Fracture mechanical property data, in the 
form of shear strength and stiffriess properties, are derived from rotary and direct shear 
test measurements as well as empirical correlations derived from underground mapping. 
Validation of the ability of the 3DEC program to represent this direct shear response for 
fractures as derived fr-om laboratory direct shear testing of large cores is first presented.
For block formation and rockfall under the in situ excavation condition, the 
probabilistic key-block software DRKBA is used as an alternative numerical model for 
3DEC validation. Also included is the comparison of the wedge fall out observation at 
the Cross Drift. The detailed tunnel mapping at the Cross Drift provides the means to 
identify the wedge fall out areas.
The dynamic stability of a jointed rock mass is validated through the comparison of 
3DEC model to a dynamic tunnel experiment. In this validation exercise, the model is 
tested for its ability to represent wave transmission through intact and jointed rock and 
the ability to represent a joint controlled tunnel deformation mode under dynamic 
loading.
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5.1 Verification o f the Fracture Mechanical Representation -  Comparison to Laboratory
Direct Shear Testing
This validation example is given to demonstrate the ability of the 3DEC program, and 
the joint constitutive model used to reproduce the joint direct shear test data from large- 
scale testing of nonlithophysal rock samples. Description of the joint direct shear test is 
provided in Section 3.1.2. In this validation, the 3DEC program is used to recreate the 
direct shear test numerically. The results of the model and test for the calculated surface 
friction angle and cohesion are compared. Figure 54 shows the 3DEC model with a 
horizontal fracture plane. The bottom block is fixed along its vertical and lower 
horizontal surfaces to represent the shear box. A vertical pressure is applied to the top of 
the upper block, while the lateral expansion is held fixed. A velocity is then applied to 
one of the vertical faces, forcing the top block to shear over the lower block.
Analyses were performed for two cases -  the sub-vertical, smooth cooling joint, and 
the sub-horizontal vapor-phase parting. Two basic types of joint shear constitutive 
models based on a standard Coulomb slip condition are available in the 3DEC program. 
The first model, the default in 3DEC (JC0N=1), considers that once slip is initiated, the 
cohesive strength of the joint is broken, and drops to zero. From that point, the joint 
reaches a residual strength based only on the friction and dilation angles of the surfaces. 
The second model (JC0N=2) considers that the cohesion of the surfaces remains 
constant, resulting in a typical elastic-perfectly plastic response. The seismic and thermal 
analyses performed in this study use the default constitutive model. The default model is 
applicable to both the vapor-phase partings and the cooling fractures. First, the rough, 
vapor-phase partings are cohesive structures that have surfaces weakly bonded in situ by
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minerals such as crystobalite and trydimite. Once this bond is broken, it is sensible that
the surfaces reach a residual state of strength based primarily on friction. The cooling 
joints, however, have smooth surfaces with no apparent cohesion or tensile resistance. 
Therefore, there is no difference in JCON 1 or 2. Figure 55 shows a comparison of the 
3DEC direct shear simulations to the laboratory test of a cooling joint. As seen in Figure 
55, the comparison of model to laboratory is qualitatively quite reasonable, particularly 
for the first test conducted at 1 MPa normal stress, in which the joint is in an undamaged 
state. The comparison is still reasonable for the higher confinements, but it must be 
realized that the model is using the average friction angle and dilation angle determined 
for the tests. The re-test at 1 MPa normal load shows virtually the same results as for the 
initial test, indicating that there is little surface damage from the previous testing. This 
makes sense since the joint has less than 2° dilation angle, and thus very little surface 
irregularity (roughness) that can be permanently damaged. The shear stiffness used in 
this simulation is determined from the tangent value (the initial loading slope). The 
stiffriess departs from this approach only near its peak strength.
Figures 56 to 58 show the comparison of the 3DEC results for both JCON 1 and 2 to 
the laboratory data for vapor-phase partings at different normal stresses. The vapor- 
phase partings, being very rough joints with high dilation angle (approximately 13°), 
show a non-linear shear stiffness which is seen as the curvature in the loading portion of 
the curve. This is contrasted to the largely linear loading slope for the previous smooth 
cooling joint case. The 3DEC joint model considers a simple, linear loading slope 
characterized by a constant shear stiffness. Therefore, the approach taken in the tunnel 
modeling of this study is to examine the effect of variable shear (and normal) stiffriess on
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the global response. The validation of the 3DEC model examines two shear stif&iess 
values -  the tangential slope defined by the initial loading prior to its departure fiom
linearity, and the secant slope determined from the displacement at peak shear strength. 
For each o f  these shear stifbess values, simulations are run for the JC0N=1 (softening 
model) and for JC0N=2 (elastic-perfectly plastic model with no strength loss). Thus, for 
each level o f normal stress (1, 4 and 6.8 MPa), four simulations are conducted. Each of 
the simulations considers a constant friction angle and dilation angle derived from the 
laboratory test data. As seen in Figures 56 to 58, the laboratory data are fit reasonably 
well with the selection of a secant shear stiffness and no post-peak softening of the 
material response. The tangent stiffriess consideration, coupled with the post-peak 
softening model (JC0N=1) is conservative in that peak strength is reached after a smaller 
level of shear displacement, and that the strength drops to a slightly smaller residual 
value when cohesion of the surface is considered to be destroyed. The tunnel scale 
modeling is conducted with values of shear stiffness (1x10^° Pa/m -  default, and 2x10^ 
Pa/m) that bound the prospective range.
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NOTES: Lower block has surface displacements fixed on all vertical and bottom face to represent the fixed 
block of the direct shear test. The upper block has two vertical faces fixed, one vertical face free 
and one vertical face with a prescribed horizontal velocity representing the shear displacement of 
the test machine. A constant stress is applied to the upper surface to provide the normal stress to 
the joint surface.
Figure 54. Perspective View of 3DEC Model of Direct Shear Test of Joint
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6,0
stress = 6.8 MPaLab cata, normal5.0
3DEC, normal stress = 6.8 MPa
4.0
cc
CLZ
Lab data, normal str ess = 4 MPg
s
«
3DEC, normal stress = 4 MPa
2.0
normal stress = 1 MPaLab data,
3DEC, normal stress j  1 MPa
0.0
0.008 0.0140.002 0.004 0.006 0.010 0.0120.000- 0.002
Shear Displacement (m)
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Figure 55. Comparison of 3DEC Mohr-Coulomb Joint Constitutive Model to Laboratory 
Direct Shear Testing for Sample 643, Hole ERCB-GTEC-CS1250-13.
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mm
3DEC, normal stress=1 MPa, ks=2e9 Pa/m, JCON=1
-#— 3DEC, normal stress=1 MPa, ks=2e9 Pa/m, JC0N=2
3DEC, normal stress=1 MPa, ks=1e10 Pa/m, JC0N=1
■»«— 3DEC, normal stress=1 MPa, ks=1e10 Pa/m, JC0N=2 
■A— Lab Data, nornial stress=1 MPa-0*
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S h e a r  D isp lacem en t (m)
NOTES; The laboratory data are the plots displayed with symbols and the 3DEC results are shown as 
lines. The lab test data is compared to four different 3DEC results that use the sam e friction and 
dilation angles as  calculated from laboratory test results. Since 3DEC uses a  linear shear 
stiffness consideration, two different shear stiffness values have been used to bound the 
laboratory data -  a tangent value (Ks=1e10 Pa/m) that represents the initial loading, and a 
secant value (Ks=2e9 Pa/m) that represents the shear displacement at peak strength.
Figure 56. Comparison of 3DEC Simulation of Direction Shear Testing of a Vapor-
Phase Parting, Normal Stress -  1 MPa
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Figure 57. Comparison of 3DEC Simulation of Direction Shear Testing of a Vapor-
Phase Parting, Normal Stress = 4 MPa
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Figure 58. Comparison of 3DEC Simulation of Direction Shear Testing of a Vapor-
Phase Parting, Normal Stress = 6.8 MPa
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5.2 Model Validation by Corroboration with Alternative Numerical Model and Field
Observation
The probabilistic key-block software DRKBA is used as an alternative numerical 
model to validate the 3DEC model results on rockfall frequency and comparison of the 
predicted block size at the in situ condition. The DRKBA code employs a numerical 
technique with Monte-Carlo simulation to account for the statistical variation of the joint 
system. A description of DRKBA approach and the input data for the probabilistic key- 
block analysis are provided in Section 2.3.
Static rockfall prediction with 3DEC model was conducted using the same 25 
simulations for the preclosure seismic analysis (Section 4.2.3.4). Since the 25 
simulations selected for the preclosure seismic analysis are not random, but are for cases 
with the most blocks predicted in the postclosure 1x10"  ^ seismic hazard analyses, the 
rockfall frequencies obtained from these simulations are skewed to the high end of the 
prediction.
The ECRB Cross Drift, with a diameter of 5.0 m, is most comparable to the modeled 
emplacement drifts, which have a diameter of 5.5 m. Field-observed key blocks, or rock 
fall areas, in the nonlithophysal units have been mapped for site characterization. The full 
periphery geologic maps (FPGMs) containing key blocks are included in Appendix IV. 
The Cross Drift observation from FPGM map provides the data on the frequency of 
rockfall. The inspection on the exposed tunnel section underground indicates that the 
largest block does not exceed 1 metric ton (or less than 0.5 m^), but the information on 
the exact size of the key blocks is not available.
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Comparison of the model prediction and held observation of rockfall for in situ 
excavation condition is presented in Table 25. The frequency of rockfall predicted by the 
two different models and the field observation is in general agreement with 3DEC 
predicting the highest amount of rockfall per kilometer. The over-prediction from 3DEC 
is mainly due to the bias on the joint pattern selection. The worst joint patterns were 
used in static rockfall calculation which results in a conservative estimate.
The mean block size around 0.1 metric ton is predicted both from 3DEC and 
DRKBA. However, the DRKBA results show much wider variation as shown from the 
comparison of standard deviation and maximum block size. The field observation data 
appears to agree better with the 3DEC results.
Table 25. Comparison of Static Rockfall Prediction
DRKBA 3DEC Field Observation
Rockfall Frequency (number per 
kilometer) 50 72 40
Median Block Size (metric ton) 0.10 0.11 NA
Standard Deviation of Block Size 
(metric ton) 1.43 0.28 NA
Maximum Block Size (metric ton) 34 1.42 1.2
5.3 Comparison to a Dynamic Tunnel Experiment in Jointed Rock
The Defense Nuclear Agency conducted a comparison of a number of dynamic 
numerical modeling ^)proaches for examination of their utility in simulating the effects
of dynamic stress wave loading of lined tunnel in fractured rock (Senseny and Pueik
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1999). The intact rock was treated as a linearly elastic/perfectly plastic material, but the
joint slip was treated as a Coulomb frictional response in these numerical models. Thus, 
this problem has many aspects in common with the dynamic stability problems for 
seismically induced rockfall. The principal difference with the present problem is that 
the dynamic source is different (a cylindrically diverging wave from a line source rather 
than shear and compression loading), although many of the same mechanical issues are 
faced in both types of problems.
This problem tested a number of aspects of 3DEC that are used in this study as listed 
below:
• the ability to represent wave transmission through intact and jointed rock;
• the ability to represent the mechanical response of joints to normal and shear 
loading; and
• the ability to represent a non-linear, joint controlled, tunnel deformation mode under 
dynamic loading.
The physical experiment was performed to investigate the influence of joints on the 
deformation of an opening when the geometry and properties of the joints are known 
exactly. The test was documented by Senseny and Pueik (1999) and involved dynamic 
loading of a lined tunnel in jointed rock. The test was eonducted on a large-scale 
assemblage of machined limestone blocks that contained a lined circular tunnel. The 
model was symmetric about the vertical and horizontal axes. Duplicate instrumentation 
was installed on opposite sides of the vertical axis to provide validation of the recorded 
data. The acquired data were used to validate computational models for the mechanics of 
structural deformation. In the report, the experimental results were compared to
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numerical predictions made by several codes. Here, the results of the same experiment
are compared to numerical predictions made by 3DEC.
The rock chosen for this test was a porous limestone from the Salem formation near 
Bedford, Indiana. Intact specimens were tested in triaxial compression and triaxial 
extension. The reported data shown in Figure 59 indicate very little variation between 
tests, and the results were consistent between the three different laboratories.
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Figure 59 Stress Strain Curves for Salem Limestone: (a) Uncombined Compression; (b)
Triaxial Compression (Senseny and Pueik, 1999)
Figure 60 shows strength data from triaxial compression and triaxial extension tests. 
Tests also were conducted on joints to determine their strength and stiffness. Special 
specimen preparation procedures were employed to ensure that the joint surfaces in the 
laboratory tests were similar to those in the jointed-rock test. Figure 61(a) shows typical
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jomt-compressibility data. Under normal loading, the joints are hilly closed aher
approximately 0.05-mm displacement.
The shear strength of the joints was determined by a series of triaxial compression 
tests on cylindrical specimens, each containing a single joint oriented at 30' to the 
specimen axis. The confining pressure in these tests ranged from 1 MPa to 35 MPa. At 
confining pressures up to 30 MPa, the specimens failed by sliding of the joints at 
approximately constant stress. When loaded at a confining pressure of 35 MPa, the intact 
portion of the test specimen failed without sliding along the joint. Figure 61(b) plots 
peak shear stress on the joint as a function of normal stress on the joint for tests 
performed at confining pressures up to 30 MPa. The joint strength data are well 
represented by a straight line passing through the origin with a 38.3° friction angle.
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Figure 60. Comparison of Extension and Compression Strength envelops for Salem
Limestone (Senseny and Pueik, 1999)
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Figure 61. Compressibility and Strength in Salem Limestone; (a) Compressibility; (b)
Strength (Senseny and Pueik, 1999)
The jointed-rock test specimen was made of over 4000 limestone bricks, with each 
brick nominally 51-mm square and either 0.6-m or 1.2-m long. The bricks were stacked 
into a nearly cubic rectangular prism 2.1-m square and 2.4-m long, with a central 0.4-m 
diameter circular hole lined with a thin aluminum tube. Figure 62 shows the geometry of 
the test specimen. The figure also shows the location of the 46 gauges mounted in the 
mid-plane of the specimen to measure particle velocity, stress, joint slip and tunnel 
closure.
The jointed limestone cube was placed in a pit and secured with concrete. The top 
surface of the concrete had a cylindrical shape; the cylindrical shape was lined with 
explosives and detonated (producing a cylindrically diverging stress wave). The stress 
wave at the depth of the top of the cube had a radius of 4.4 m, a rise time of about 0.5 ms, 
a peak stress of about 100 MPa, a peak particle velocity of about 14 m/s, a total radial 
displacement of about 25 mm, and peak circumferential strain of about 0-6%. This
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divergent dynamic environment was sufficient to cause joint slip, intact rock fracture and
permanent deformation of the lined opening.
The physical experiment was then modeled using 3DEC. The constitutive model for 
intact limestone used in the 3DEC code is an elastic-plastic soAening model with no cap, 
a tension cut-off, a Mohr-Coulomb failure surface for shear strength, non-associated flow 
with zero dilatancy. The joint model was a Coulomb slip model with a constant shear and 
normal stiffness based on the data shown in Figure 61. The constitutive model for the 
aluminum liner was an isotropic-hardening Tresca model.
The 3DEC model incorporated information about the effective vertical and horizontal 
gaps between the limestone bricks in the experiment. Post-test measurements of the test 
specimen showed that the deformation was symmetric about a vertical plane through the 
tunnel mid-length and was nearly constant in the middle half of the specimen, with slight 
end effects observed in both of the end quarters. Therefore, a thin section of the test was 
set up in 3DEC to represent a two-dimensional, plane-strain simulation. Taking 
advantage of the symmetry about the vertical plane passing through the tunnel crown and 
invert allows further simplification. 3DEC used the measured particle velocities as the 
time-dependent boundary condition that loaded the stack of blocks and predicted 
measurements made during the test at the gauge locations shown in Figure 62: the stress 
history measured at two locations above the crown and at three locations laterally from 
the springlines; deformation of the tunnel crown-invert; and springline diameters. 3DEC 
also predicted the deformed shape of the aluminum tunnel liner. Data concerning slip at 
the several slip meters were not recorded in 3DEC, as the movements in the actual test 
were outside the resolution of the installed instrumentation.
110
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
AV1
Iahit
AV2 AV3 AV4
f i n
AV5
rAHS
, 1, 1
r c oT3FP24 xr
_AV6. .AV7_
rAH6^ 1FP2T LAHTt
I ' I ‘ T" I ' l l  r  i—i 
JS44,4&T-‘-rJS49,5&TJS%6BTJ857'.S&
JS66.67- JS53.54
AV10.AV11
U
AV8.AV!
FP23nFP29
LAV14
$ Integrated Acceleration Tunnel Closure (TO)(AV,AH) ^
B  Stress (FP) s r  Joint Slip (JS)
Figure 62. Geometry for the large jointed-rock test (Senseny and Pucik, 1999)
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Figure 63 shows the predicted de&umaüon of the thin tunnel liner. During the
experiment, the instrument used to measure the tunnel line movements failed. Therefore, 
Figure 63 shows only the final dimensions of the liner as measured after the test. The 
predicted and actual displacements of the crown and springline displacements are 
essentially identical. Figure 64 shows the predicted and measured stresses at the two 
gauges located on the specimen centerline above the tunnel crown. Unfortunately, 
because these gauges were located on the specimen centerline, it was not possible to 
make comparable measurements and, thus, not possible to ascertain the precision in the 
measurements. 3DEC predicted the arrival time accurately at both gauges. However, 
3DEC underpredicts the peak stress at both gauges 24 and 27. The predictability of the 
stresses at any location is affected significantly by the random placement of the gaps 
between the blocks. In general, the presence of the gaps will lead to a non-uniform stress 
field in the assemblage. The number and sizes of the gaps were chosen to represent the 
average calculated packing of the blocks. There was no attempt in the experiment to 
determine the actual gap between any two individual blocks. In addition, the presence of 
the line of symmetry prevents the blocks along the center from rotating and filling the 
gaps. This makes it more likely that the stresses would bridge over the central half 
blocks to adjacent blocks. The effect of this can be seen by comparing the stresses from 
Figure 64 with those in Figure 65. Figure 65 shows the stresses in the blocks adjacent to 
the locations to the blocks containing the stress measurement instrumentation. Whereas 
the stresses in the center half blocks are significantly lower than the measured stress, the 
stresses in the adjacent blocks are very similar to the measured stresses.
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Figure 65. Predicted Stresses in Block Adjacent to Measured Stresses Above the Tunnel
Crown
Figure 66 shows the predicted and measured stresses at the three gauges located 
adjacent to the springlines. Because of symmetry in the experiment, the gauges on each 
side of the tunnel measure similar stress histories and, therefore, provide a measure of 
precision. As the figure shows, the precision in these stress measurements is very good. 
3DEC predicts the wave arrival time accurately at all stations. The magnitude of the 
3DEC prediction at stress points FP23 and FP25 are lower than those measured in the 
experiment. At stress point FP29, the magnitude is similar to the measured stresses. In 
all cases along the springline, there is a dip in the stresses after approximately 1.8 ms. 
This is a result of a wave reflection from the bottom of the model. This could be avoided
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by using non-reflecting boundaries. However, this simulation was done using the same 
conditions prescribed in the numerical experiments as outlined in Senseny and Pucik 
(1999).
After the test, the tunnel Imer was recovered and measured to determine more
information than was obtained from the crown-invert and springline diameter changes 
alone. The shape of the liner was measure at three different locations. Figure 67 shows 
the magnified measured and predicted shape of the deformed aluminum liner. Over the 
entire perimeter, the liner displacements as predicted by 3DEC lie within the variability 
of the actual measurements. 3DEC accurately predicts the diametric closure along the 
centerline and the diametric expansion along the springline.
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Figure 66. Predicted and Measured Stresses Adjacent to the Tunnel Springline
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(Displacements are magnified by 10.)
Conclusions from 3DEC Validation — Comparison to Criteria
• The above validation problem satisfies the criteria for mechanical models of non- 
lithophysal rock.
• The predictive capability of 3DEC for structures in jointed rock was demonstrated 
by comparing predictions with the results of a large jointed-rock precision test 
article that involved loading a lined cylindrical opening. Based on this limited 
validation, it appears that 3DEC can simulate accurately several aspects of the 
deformation of structures in jointed rock.
• 3DEC demonstrated the ability to represent complex dynamic boundary conditions.
• 3DEC accurately predicted the final shape of the deformed liner.
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• 3DEC accurately predicted the arrival time of the stress waves, thus validating the
wave transmission simulation through the jointed rock.
• 3DEC accurate predicted the stress magnitudes and wave shape at several of the 
monitoring points. Wave reflections disturbed this prediction in some locations. 
Note that the inclusion of random gaps in the model adds difficulty in matching the 
stresses at specific locations.
• The 3DEC model as shown compared very favorably with the physical experiment 
and demonstrated the ability to represent reasonably the dynamic response of a 
fractured media.
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CHAPTER 6 
CONCLUSIONS
A numerical based rockfall model for underground opening has been developed in 
this research. It is demonstrated that a complex problem involved both the nature and 
engineering systems can be resolved with the state of the art discrete block modeling.
The major factors considered in this model include the stresses induced by the heat 
released by the emplaced waste and the stresses due to seismically related ground 
motions. Other factors also considered are the variation of the joint mechanical 
properties and the joint strength loss due to time-dependent strength degradation. These 
factors have been modeled and analyzed, resulting in the prediction of the amount and 
size distribution of rockfall in the underground openings. The intent of this chapter is to 
draw conclusions about rockfall modeling from the work presented in the preceding 
chapters.
3DEC Model Configuration
3DEC model set up and selection of joint patterns are provided in Sections 4.2.1 and 
4.2.2. It has been demonstrated that appropriate boundary conditions are provided for 
thermal and seismic loading with critical joint patterns included from multiple sampling 
of a synthetic rock mass volume that contains a realistic fracture population based on 
field mapping data. Appropriate thermal and mechanical properties of rock blocks and 
joints have been carefully selected for the analyses.
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Seismic Consideration
Consideration of the impact o f seismic load to rockfall is provided in Section 4.2.3.
Three levels of mean exceedance probability for seismic ground motions were used to 
determine the sensitivity of rockfall. The three levels correspond to 2,000 year, 10,000 
year, and 100,000 years earthquake events with peak particle velocity approximately 0.2 
m/sec, 2.4 m/sec, and 5.3 m/sec respectively. The summary of the results for seismic 
rockfall is presented in Tables 26 and 27. With higher level of ground motions, higher 
values of rockfall volumes and frequency are predicted. The number of blocks per 
kilometer shows increase from 59 to 200 blocks in going from the 5x10"^ ground motions 
to IxfO"^ ground motions.
Table 26. Comparison of Rockfall Statistics for Three Level of Seismic Events
Mean Exceedance Probability 5 X 10"^ 1 X 1 X 10"^
Runs Completed 25 76 76
Total Number of Rockfall 37 281 380
Total Volume of Rockfall (m®) 7.3 101.8 151.2
Total Length of Drift Simulated (m) 625 1900 1900
Number of Blocks per km 59 148 200
Volume of Rockfall per km (m7km) 11.7 53.6 79.6
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Table 27. Statistic Stimmary of the Rockfall Size (Metric Ton) for Three Level of
Seismic Events
Mean Exceedance Probability 5 X 10"^ 1 X 1 X 10'^
Mean 0.47 0.87 0.96
Median 0.17 U23 0.23
Standard Deviation 0.73 T97 2.04
Skewness 2.20 6.04 5.01
Range 2.87 21.39 21.39
Minimum 0.02 0.02 0.02
Maximum 2.89 21.42 21.42
Sum 17.51 245.55 364.58
Figure 68 shows a comparison of block size distributions for all three ground motions. 
Essentially, the results show that all motions result in the same general distribution of 
block sizes with mean block masses of approximately 0.5 to 1 metric tons, and an 
negative exponentially distribution. Also included in Figure 68 is the size distribution 
curve for the distinct blocks obtained from 25 simulation (Section 4.2.2). The distinct 
blocks are the blocks that exist in the rock mass regardless of whether the blocks are 
kinematically or mechanically suitable to fall. It is therefore an index of how blocky the 
rock mass based on geometrical consideration. With the similarity of the general trend of 
size distribution curves, it is concluded that size distribution of rockfall under seismic 
shaking for jointed rock is mainly controlled by the geometry of the joint patterns.
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Figure 68. Block Size Distribution for the Three Levels of Ground Motions and Their
Comparison to the Distinct Blocks
Thermal Consideration
Consideration of the impact of thermal loading to rockfall is provided in Section 
4.2.4. Four cases were selected for thermal analyses: the two cases with the greatest 
amount of rockfall, a case showing the median amount of rockfall, and one case that 
showed no rockfall. The amount of rockfall is based on the analyses subject to lxlO~^ 
seismic shaking. Thermal-mechanical analysis was conducted for two sets of thermal 
rock mass properties: (a) the base case, using the mean values of thermal conductivity 
and specific heat, and (b) the thermal sensitivity case, using the values for thermal 
conductivity and specific heat one standard deviation smaller than the mean. A total of 8 
simulations were conducted with consideration of 4 joint patterns and two sets of thermal 
properties.
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It is predicted that no rockfall occur due to the thermal loading only scenario for all 8
simulations. The impact of thermal loading is actually found to stabilize the rock mass. 
The reason for this effect is that the rock mass expansion on heating induces tangential 
compression around the excavations. This compression tends to provide increased 
normal stresses to the predominant vertical joint sets, thus increasing their shearing 
resistance as well as minimizing joint opening during extensional loading. Thus, the 
most conservative thermal state, from a rockfall standpoint, is actually when the rock is at 
or near ambient temperature. This is confirmed by the thermal combined with seismic 
analyses results provided in Section 4.2.4.
Sensitivitv Studv of the Rock Mechanical Parameters
A range of joint mechanical properties, based on the direct shear test results, was 
selected for the sensitivity study (Section 4.2.5). The results of the sensitivity studies 
show that the variability of joint mechanical properties has minimal impact on rockfall 
except the joint dilation angle. The base case assumes that all of the joints are perfectly 
smooth and therefore has zero dilation angle. The sensitivity analyses show that only half 
of the rockfall predicted with dilation angle increased to 11° comparing with the base 
case.
The impact on drift stability due to the effect of rock joint degradation is assessed 
based on a conservative estimate of the reduction of joint cohesion and friction angle. 
Dilation angle is also conservatively presumed to be zero considering the asperities on 
fracture surfaces had been sheared off, resulting in greater rockfall. The predicted number 
of detached rock blocks and the total rockfall volume show only a slight increase in
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rockfall for the degraded state. Thus joint strength degradation has a minor impact on
underground stability for the selected case.
Model Validation
The prediction of rockfall requires that the model be able to represent: (a) the
geologic structure that creates rock blocks surrounding the tunnels, (b) the stresses 
induced by heating or ground motions, and (c) the interaction of the stresses and geologic 
structure, including the potential for intact rock mass failure, fracturing, and formation of 
rock blocks that can detach themselves from the surrounding rock mass.
The 3DEC discontinuum program is used to model the mechanical response of the 
jointed-rock block system in three dimensions. Joint mechanical property data, in the 
form of shear strength and stiffiiess properties, are derived from rotary and direct shear 
tests. Validation of the ability of the 3DEC program to represent the direct shear 
response for joints as derived from laboratory direct shear testing of large cores is 
presented in Section 5.1.
For block formation and rockfall under the in situ excavation condition, the 
probabilistic key-block software DRKBA is used as an alternative numerical model for 
3DEC validation (Section 5.2). Also included is the comparison of the wedge fall out 
observation at the ECRB Cross Drift. The detailed tunnel mapping at the Cross Drift 
provides the means to identify the wedge fall out areas. The frequency of rockfall 
predicted by the two different models and the field observation is in general agreement. 
Both 3DEC and DRKBA predict the mean block size around 0.1 metric ton. However, 
the DRKBA results show much wider variation on block size distribution. The field 
observation data appears to agree better with the 3DEC results.
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The dynamic stability of a jointed rock mass is validated through the comparison of
3DEC model to a dynamic tunnel experiment (Section 5.3). In this validation exercise, 
the model is tested for its ability to represent wave transmission through intact and 
jointed rock and the ability to represent a joint controlled tunnel deformation under 
dynamic loading. The prediction from 3DEC model, as shown in Section 5.3, compared 
very favorably with the instrumentation measurements. The ability of the model to 
reasonably represent the dynamic response of a fractured media is demonstrated.
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APPENDIX I 
3DEC PROGRAM MODIFICATION AND MODEL OPTIMIZATION FOR 
ROCKFALL ANALYSIS
1.1 Introduction
Although 3DEC is fully capable for dynamic rockfall calculations, program 
modifications and optimization of the computer model are required in order to solve 
complex rockfall problems within a reasonable time frame. The complexity of the 
problem includes:
• Incorporate field fracture geometries with relatively short trace length
• Subject to post-closure ground motion time histories
• Subject to thermal stress induced from emplaced waste
• Conduct a large number of analyses to obtain a statistically meaningful rockfall 
frequency and size distribution.
1.2 3 DEC Program Modification
Modifications of the 3DEC program for rockfall analyses include: (1) free-field 
boundaries, (2) partial density scaling for dynamic analysis, and (3) variable mechanical 
properties within a contact. A detailed description of the implementation and verification 
of these enhancements is provided by Itasca (2002b). This attachment provides a brief 
description of these modifications and their relevance to rockfall analyses.
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1.2.1 Free-Field Boundaries
The free-field boundaries ensure that plane waves propagating upward suffer no 
distortion at the boundary because the free-field grid supplies conditions that are identical 
to those in an infinite model. In order to apply a free-field boundary in 3DEC, the model 
must be oriented such that the base is horizontal and its normal is in the direction of the 
y-axis, and the sides are vertical and their normals are in the direction of either the x- or 
z-axis.
The firee-field model consists of four plane fi'ee-field grids on the side boundaries of 
the model and four column free-field grids at the comers. The four comer fi'ee-field 
columns act as fi'ee-field boundaries for the plane fi'ee-field grids. The plane free-field 
grids are two-dimensional models that assume infinite extension in the direction normal 
to the plane. The column fi'ee-field grids are one-dimensional models that assume 
infinite extension in both horizontal directions. Both the plane and column grids consist 
of standard 3DEC zones, which have gridpoints constrained in such a way to achieve the 
infinite extension assumption. The zoning of fi'ee-field blocks is similar to the model 
side faces. The side firee-field blocks have two gridpoints across the thickness that are 
linked to move together. The comer fi'ee-field meshes have four gridpoints at each 
elevation, also linked to move together.
1.2.2 Partial Density Scaling for Dynamic Analysis
Density scaling is a technique used in 3DEC in quasi-static calculations that 
substantially improves the efficiency of obtaining solutions. For the case of complex 
jointing models, zones with edge lengths much smaller than the average zone edge length 
are created during the automatic meshing procedure. These zones require very small
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timesteps for numerical stability of the explicit algorithm. The critical time step is
proportional to the smallest zone edge length. This makes the dynamic solution 
extremely time consuming. Density scaling only for those very small zones (a couple of 
orders of magnitude smaller than the average zone size) for dynamic analysis eliminates 
the very small timesteps. The accuracy of the solution is preserved by keeping the 
change of the system inertia negligible. This scheme of partial density scaling is 
implemented in 3DEC in such a way that the user controls the amount of scaling to be 
introduced.
1.2.3 Variable Mechanical Properties within a Contact
A contact between two blocks in 3DEC is subdivided into a number of sub-contacts if 
the blocks involved in the contact are deformable. The sub-contacts are determined 
based on discretization of the block faces which create the contact. Discretization of 
contact into sub-contacts allows representation of variation of contact forces and 
deformation in the plane. In earlier versions of 3DEC, mechanical properties (e.g., 
normal and shear stiffness, shear strength) of sub-contacts were assigned based on 
material properties of the contact they belong to. A modification of the code allows 
assignment of material properties to the sub-contacts independent of the material 
properties of the contact (to which sub-contact belongs to). This capability allows the 
program to model the finite trace length fractures from FracMan.
1.3 3DEC Model Optimization
Model optimization involves two aspects: reducing the model size and increasing the
timestep. 3DEC is based on a dynamic (time domain) algorithm that solves the equations
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of motion of the block system by an explicit finite difference method. A timestep must
be chosen that is smaller than some critical timestep but is reasonable for solution time.
1.3.1 Reducing the Model Size
The following methods are used to reduce the model size:
1. Joints are generated within a limited domain as a representative volume around 
the drift. The representative volume extends one diameter at the side and two 
diameters on the top of the opening.
2. Only blocks intersected by circular joints are cut during joint generation. Joints 
are sorted based on their trace length in a descending order. An algorithm is 
placed in block cutting process to hide all blocks that are not intersected by the 
joint considered.
3. Blocks that have face-face contact and their contact properties are completely 
solid are joined. That is, several blocks are merged to one if their contacts are all 
solid. Blocks that have partial cracks between them are not joined. This approach 
allows for an analysis of the potential for crack extension.
1.3.2 Increasing the Timestep
3DEC is based on a dynamic (time domain) algorithm that solves the equations of 
motion of the block system by an explicit finite difference method. The solution scheme 
used for the distinct element method is conditionally stable if the selected limiting 
timestep satisfies both the stability criterion for calculation of internal block deformation 
as well as that for inter-block relative displacement. Even though explicit calculations 
execute very rapidly per timestep, some way of increasing the timestep is desirable in 
order to reduce computer time.
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The following methods are used to increase the timestep:
# Calculation of the timesteps is a function of the minimum length (zone edge length) 
and stiffness (Itasca 2002, 3DEC Manual). Cutting blocks with random joints 
results in very small block edge lengths. Blocks with a small volume (i.e., less than 
O.Olm^) are deleted in the model to eliminate part of the blocks with small zone 
edge lengths. However, blocks of large volume may contain one or two small 
edges. An algorithm was developed that alters the geometry of these blocks and 
removes small edges less than 10-cm in length. The blocks were first detected and 
their geometry is stored in a data structure before they were deleted. New blocks 
are constructed within the bounds of the original blocks. In most cases, two close 
vertices are contracted into a single vertex. Faces that have both vertices lose one 
vertex. If the face already has only three vertices, then the entire face is deleted. On 
faces which have only one of two vertices, a new face with co-planarity of vertices 
is created. The flow chart for the algorithm is shown in Figure I- l.
• The method of partial density scaling was adopted for dynamic analysis. Partial 
density scaling was implemented for dynamic analysis in 3 DEC as described in 
Section 1.2.2. A timestep of 3x10'^ seconds is set for the analysis. This results in an 
increase of system mass ranging from 1 to 4 percent. The amount of increase is 
consistent with the verification problem provided by Itasca (2002). The accuracy of 
the solution is therefore preserved by keeping the change of the system inertia 
negligible.
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Figure I-l. Flow Chart for Treating the Small Edge Length Block
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APPENDIX n
RANDOM SELECTION OF 3DEC MODELING REGION IN A 100-M CUBE 
FRACTURE NETWORK GENERATED BY FRACMAN
A random selection of the 3DEC modeling region within a 100-m FracMan fracture 
network cube was conducted using the random number generation function provided in 
Microsoft Excel’s spreadsheet analysis tools. Each 3DEC modeling region was uniquely 
determined by choosing the centroid of the modeling block. Random number generator 
with a uniform distribution in the range of -32.5 to 32.5 was used to generate the x-, y-, 
and z-coordinate. The range was selected so that the selected region is free of edge 
effects. The Microsoft Excel inputs for random number generation are shown in Figure 
II-1.
Table II-1 lists the 105 selected centroid locations. The centroids are projected to the 
X-Y, X-Z, and Y-Z planes as shown in Figures II-2 to II-4.
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Figure II-1. Microsoft Excel Inputs for Random Number Generation
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Figure II-2. Centroid Locations Projected to X-Y Plane
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Figure II-3. Centroid Locations Projected to X-Z Plane
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Figure II-4. Centroid Locations Projected to Y-Z Plane
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Table II-l. Listing of Fracture Model Region Centroid Coordinates
M od el Region
Centroid of Fracture Model Region
X c Y c Zc
1 -2.8 2&5 264
2 -23.7 2.4 1.5
3 295 j& 7 -26.1
4 -16.7 4.5 32.2
5 28.5 8.3 29.6
6 -4.4 -20.8 -17.4
7 -20.2 -3.1 -12.1
8 -23.6 24.4 -17.7
9 -7.2 -32.0 -27.0
10 22.4 1 6 j 0.4
11 -17.2 -14.2 -18.1
12 -9.7 -27.1 -26.0
13 -21.1 17.5 -4.2
14 24.9 -10.4 10.8
15 19.5 28.3 19.4
16 -15.3 5.5 -12.3
17 -28.1 0.3 -31.2
18 10.6 9.8 31.5
19 -2.3 30.2 32.4
20 14.8 -17.7 9.0
21 -15.6 2.9 6.9
22 -25.3 15.5 -13.6
23 -16.8 -11.2 -2.6
24 18J 0.0 -15.0
25 17.1 10.3 32.0
26 31.9 -12.6 31.3
27 27.6 -18.6 -5.8
28 2F6 -5.8 -31.9
29 -23.6 14.0 -5.9
30 6.6 32.3 -31.4
31 -3M 20.7 154
32 -11.1 20.0 -17.7
33 -2&4 2&2 -16.9
34 -1.4 104 -31.0
35 -31.5 2&1 10.7
36 4.8 -11.1 23.7
37 6.9 5.7 184
38 29.6 -31.4 -29.3
39 -25.1 -1.1 -29.3
40 16.0 142 -&4
41 29.2 -4.1 -11.0
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Model Region Centroid of Fracture Model Region
Xc Yc Zc
42 268 22.2 -24.3
43 -13.3 1.5 14.4
44 14.4 14.2 24.3
45 -29.2 234 -24.2
46 5.5 244 -21M
47 18.0 26.9 244
48 194 -14.9 0.3
49 -18.1 -6.9 10.6
50 14.9 12.9 -6.8
51 11.7 9.5 29.1
52 29.3 -18.2 -25.5
53 -15.3 -25.5 194
54 -29.5 23.5 12.3
55 -25.6 -1.0 30.9
56 4.3 -15.1 -14.1
57 16.7 8.5 -27.5
58 -22.7 -11.6 -15.7
59 15.7 31.8 25.6
60 0.6 -8.0 -29.1
61 -4.8 25.4 23.7
62 31.2 7.7 27.9
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APPENDIX m  
IMPACT INFORMATION PREDICTED FROM 3DEC ANALYSES
A listing of direct outputs from 3DEC, including block impact information, is 
provided in Tables III-l, III-2, and III-3 for 1x10'^ lxlO"\ and 5x10"  ^ ground motion 
levels, respectively. Also, Table III-4 provides block impact information for the static 
case. The direct outputs include hlock volume, x, y and z components of the impact 
velocity, and the x-, y- and z-coordinate of the impact location based on the drip shield 
local coordinate. The impact velocity is the relative velocity against the drip shield. 
Additional information was generated based on the 3DEC direct outputs; block mass, 
velocity magnitude, impact angle, impact momentum, and impact energy. Block mass 
was calculated from block volume times saturated bulk density (2.41 g/cc). The 
magnitude of velocity is simply the square root of the square sum of the three velocity 
components. The impact momentum and impact energy are calculated based on the 
following equations:
Impact momentum = hlock mass x velocity (Eq. III-l)
Impact energy = 0.5 x block mass x (velocity)^. (Eq. III-2)
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Table III-l. Impact Information for 1x10’^  Probability of Exceedance Hazard
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1 15 1.99E-02 6.802-01 -2.722+00 -1.992+00 -1.912+00 -5.492-01 1.272+00 0.05 3.44 337 165 284
2 15 1.962-02 -2.452-02 1.162+00 2.642+00 5.452+00 -9.092-01 -1.272+00 0.05 2.88 216 136 196
3 15 1.282-01 9.622-01 -1.592+00 -1.732+00 -7.652-01 -8.362-03 1.272+00 0.31 2.54 360 783 995
4 17 1.012-02 -3.062+00 -4.142+00 -2.022-01 3.622+00 1.442+00 -3.512-01 0.02 5.15 104 126 324
5 18 1.952-02 -2.532-01 -9.942-01 2.232+00 -5.742+00 -4.022-01 -1.232+00 0.05 2.45 198 115 141
6 20 1.152-02 -5.012-01 -1.932+00 1.962+00 -5.112+00 1.382+00 -1.242+00 0.03 2.79 132 78 108
7 20 9.102-02 -7.932-01 -2.392+00 9.102-01 -6.222+00 1.442+00 -1.012+00 0.22 2.68 125 588 789
8 20 1.372+00 -9.202-01 -3.752+00 8.242-02 -6.072+00 1.442+00 -1.272+00 3.31 3.86 131 12788 24712
9 21 3.822-01 2.802-01 4.772-01 -1.162+00 -8.972+00 -9.972-01 1.272+00 0.92 1.29 322 1188 764
10 23 3.582-01 -5.412-01 1.602-01 5.612-01 9.292+00 -1.442+00 -1.272+00 0.86 0.80 229 688 274
11 23 1.892-01 8.532-01 -9.352-01 9.042-01 -1.252+00 3.192-02 -1.272+00 0.46 1.56 179 711 553
12 23 5.662-01 -2.202-01 7.622-02 -1.042-02 -1.092+00 -1.442+00 1.272+00 1.37 0.23 311 318 37
13 23 1.722-01 -1.162+00 -1.672-01 9.242-02 1.092+01 -1.062+00 -1.912-01 0.41 1.18 260 489 288
14 23 1.762-02 -1.912+00 -9.522-01 1.012+00 9.712+00 -6.382-01 -1.272+00 0.04 2.36 207 100 118
15 24 6.002-02 -7.042-01 -2.162+00 -1.922+00 9.912+00 1.442+00 5.402-01 0.14 2.97 70 431 641
16 25 1.812-01 2.062-01 -2.092+00 2.832-02 3.852+00 1.442+00 -1.262+00 0.44 2.10 131 915 961
17 25 1.682-02 -2.962-01 -3.962+00 1.622+00 3.942+00 9.342-01 -1.272+00 0.04 4.29 144 173 372
18 27 1.852+00 2.852-01 -2.732+00 8.102-01 9.322-01 1.442+00 -1.272+00 4.45 2.86 131 12757 18267
19 28 2.912-02 -2.232+00 -3.112+00 -2.372+00 -7.972+00 1.432+00 1.262+00 0.07 4.50 49 316 711
20 31 3.232-02 -4.332-01 -2.282+00 -1.692+00 4.642-01 1.442+00 -4.702-01 0.08 2.87 108 223 321
21 31 7.492-02 2.612-01 -3.592+00 -1.172+00 3.432+00 1.432+00 1.272+00 0.18 3.78 49 683 1292
22 31 2.332-02 -3.102+00 -2.302+00 -1.922+00 1.552+00 1.442+00 4.402-01 0.06 4.31 73 243 523
23 31 1.902-02 2.552-01 -2.042+00 1.722-02 2.692+00 1.432+00 8.932-01 0.05 2.05 58 94 97
24 31 5.252-01 9.852-01 -4.892+00 -4.982-02 -8.042+00 1.442+00 1.262+00 1.27 4.99 49 6321 15774
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Table III-1. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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25 32 1.52E-01 -2.362-01 -6.272+00 -1.122-01 4.342+00 1.442+00 -3.842-01 0.37 6.27 105 2304 7225
26 32 2.85E-02 4.072-01 -4.772+00 9.912-01 5.312+00 1.442+00 8.122-01 0.07 4.89 61 336 822
27 32 9.34E-02 -3.082-01 -6.352+00 -5.152-01 5.392+00 1.442+00 5.902-01 0.23 6.38 68 1437 4582
28 32 2.46E-02 -8.222-01 -3.152+00 3.242-01 3.512+00 1.442+00 -7.862-01 0.06 3.27 119 194 317
29 32 1.632-02 4.252-01 -1.802+00 -4.322-04 5.342+00 1.442+00 -8.812-01 0.04 1.85 122 73 67
30 32 1.662-01 7.552-01 -4.522+00 -9.302-01 4.132+00 1.442+00 -8.222-01 0.40 4.67 120 1872 4376
31 32 2.992-02 -8.222-01 -2.502+00 2.062+00 -2.502+00 1.432+00 -1.202+00 0.07 3.34 130 241 402
32 32 1.682-02 -1.502+00 -1.122+00 -3.082-01 3.622+00 1.442+00 -6.072-01 0.04 1.89 113 77 72
33 32 4.492-01 -5.672-01 -6.432+00 -2.392-01 4.902+00 1.442+00 -5.332-01 1.08 6.46 110 7001 22618
34 32 1.292-01 -5.192-01 -3.952+00 -6.862-01 4.782+00 1.442+00 -9.802-01 0.31 4.04 124 1256 2541
35 33 1.412-01 -2.552+00 5.462-01 3.152+00 2.392+00 -1.102+00 -1.262+00 0.34 4.10 221 1390 2846
36 33 7.082-02 8.462-01 -4.292+00 -2.372+00 -2.462+00 1,342+00 1.222+00 0.17 4.98 48 850 2117
37 33 2.432-02 -2.572+00 3.172+00 3.752+00 2.042+00 5.022-01 -1.272+00 0.06 5.54 158 325 900
38 33 6.022-02 5.682-01 -1.492+00 2.162+00 1.762+00 1.442+00 -7.572-01 0.15 2.68 118 390 523
39 35 3.142-01 -8.742-01 -4.582+00 1.882+00 6.012+00 9.732-01 -1.272+00 0.76 5.03 143 3812 9585
40 35 1.502-01 6.212-01 -6.982-01 -2.472-01 3.112+00 1.442+00 -8.002-01 0.36 0.97 119 349 169
41 35 9.462-02 -2.122-01 -2.982+00 2.132+00 5.292+00 1.062+00 -1.272+00 0.23 3.67 140 837 1535
42 35 6.142-02 -9.652-01 -4.262+00 9.822-01 3.232+00 1.442+00 -9.202-01 0.15 4.47 123 663 1482
43 35 5.082-02 -8.642-01 1.212+00 2.252+00 4.662+00 -2.512-01 -1.272+00 0.12 2.69 191 330 444
44 35 1.222-02 7.992-01 -3.382+00 2.942+00 4.252+00 1.442+00 3.132-01 0.03 4.55 78 134 305
45 35 1.432-01 -1.082-01 -3.642+00 1.012+00 1.722+00 1.442+00 2.942-01 0.34 3.78 79 1299 2455
46 35 1.552+00 -3.752-01 2.362-01 1.382+00 4.982+00 7.572-01 -1.272+00 3.75 1.45 149 5445 3957
47 35 1.162-01 -4.542-01 -2.912+00 2.562+00 6.862+00 1.442+00 -1.272+00 0.28 3.90 131 1091 2126
48 35 2.832-01 -1.302+00 -3.082-01 3.692+00 1.702+00 1.442+00 6.332-01 0.68 3.92 66 2678 5251
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Table III-1. Impact Information for 1x10'® Probability of Exceedance Hazard (Continued)
3
3"
CD
CD■D
O
Q .
C
aO
3
■D
O
CD
Q .
■D
CD
C /)
C /)
ûd
o '
R '
■
Q
^  -B  8  w
P
B
W
o '
Si
CD
x :  
I l  -
! | (
%
n |
i l
9 Ï
‘ Ü
g |
1 1
9 l
O PS
o
<
0 'ê
1
1
%l i t3
1
^  w
1
49 35 8.72E-02 4.14E-01 -4.442+00 -1.302-01 3.562+00 1.442+00 8.152-01 0.21 4.47 61 939 2097
50 35 1.87E-02 -2.72E-03 -4.472+00 1.112+00 3.402+00 1.442+00 1.082+00 0.05 4.60 53 207 477
51 35 1.30E-02 -4.35E-01 -3.862+00 -1.332+00 4.012+00 1.412+00 -1.262+00 0.03 4.10 132 128 263
52 35 9.86E-02 -3.38E-01 -5.392+00 2.012+00 5.482+00 1.442+00 -3.202-01 0.24 5.77 103 1372 3956
53 35 3.12E-01 -1.20E+00 1.922-01 4.162-01 5.322+00 1.442+00 2.462-01 0.75 1.29 80 968 622
54 35 2.40E-01 -8.70E-01 -2.982+00 5.752+00 3.202+00 1.442+00 4.462-01 0.58 6.53 73 3774 12321
55 35 8.14E-01 -1.832+00 -4.112+00 2.432+00 4.062+00 1.382+00 -1.262+00 1.96 5.12 133 10043 25694
56 35 3.14E-01 -3.312-01 -2.592-01 6.922-01 5.772+00 1.412+00 -1.132+00 0.76 0.81 129 612 248
57 35 1.24E-01 1.122+00 -2.802+00 2.332+00 3.382+00 1.442+00 -4.142-01 0.30 3.81 106 1137 2164
58 35 2.07E-02 1.072+00 -3.612+00 1.782+00 5.002+00 1.442+00 -7.672-01 0.05 4.16 118 208 433
59 35 9.73E-01 -2.182-01 -4.632+00 -1.512-01 2.662+00 1.442+00 8.112-02 2.35 4.64 87 10891 25265
60 35 7.23E-02 -2.342+00 -2.922+00 6.792-01 3.012+00 1.442+00 -8.062-01 0.17 3.80 119 663 1261
61 35 1.08E-02 1.112+00 -5.072+00 1.022+00 4.032+00 1.442+00 -1.262+00 0.03 5.29 131 137 364
62 35 8.78E-01 -8.962-01 -1.352+00 1.432+00 5.292+00 -1.292+00 -1.272+00 2.12 2.16 225 4573 4941
63 35 9.24E-02 3.102-01 -3.092+00 3.482+00 6.392+00 1.442+00 -1.082+00 0.22 4.66 127 1039 2423
64 35 8.36E-01 1.062+00 -4.562+00 -1.712+00 7.162+00 1.442+00 -1.272+00 2.02 4.98 131 10043 25009
65 35 5.52E-01 -1.372-01 -1.112+00 3.282+00 4.742+00 7.852-01 -1.272+00 1.33 3.46 148 4613 7990
66 35 1.29E-02 2.682+00 1.462+00 3.622+00 8.562+00 -7.942-01 -1.272+00 0.03 4.73 212 147 349
67 35 5.05E-01 -7.662-01 -4.152+00 1.322+00 3.102+00 1.442+00 -1.492-01 1.22 4.42 96 5388 11907
68 35 9.17E-01 -2.932-01 . -9.622-01 7.642-01 3.962+00 1.442+00 -6.272-01 2.21 1.26 114 2793 1765
69 35 1.05E-01 9,942-01 -2.482+00 1.312+00 5.422+00 1.392+00 -1.252+00 0.25 2.98 132 757 1127
70 35 2.98E-01 -2.762+00 -2.002+00 8.962-01 4.182+00 1.412+00 -1.202+00 0.72 3.53 130 2536 4474
71 35 1.71E-01 -2.082+00 -3.84E+00 1.222+00 5.372+00 1.442+00 -4.102-01 0.41 4.53 106 1865 4226
72 35 3.13E-02 -3.752-01 -1.452+00 7.032-01 5.312+00 1.442+00 -4,752-01 0.08 1.65 108 125 103
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Table III-1. Impact Information for 1x10' Probability of Exceedance Hazard (Continued)
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97 43 2.70E-01 -1.992-01 5.352-01 -6.342-01 -5.222+00 5.282-01 1.272+00 0.65 0.85 23 555 237
98 44 1.04E-01 -1.912+00 -2.442+00 -1.652+00 -4.232+00 1.442+00 5.162-01 0.25 3.51 70 876 1538
99 44 1.62E-02 -4.062-02 -2.252+00 -4.342+00 -7.092+00 -7.882-01 1.272+00 0.04 4.89 328 192 469
100 44 6.22E-02 -4.152-02 -4.552+00 -9.572-02 -3.672+00 1.422+00 1.262+00 0.15 4.55 48 683 1556
101 45 2.46E-01 -1.932+00 -2.932+00 6.832-01 4.342-01 1.442+00 1.012+00 0.59 3.57 55 2123 3790
102 45 1.14E-02 -1.582+00 -2.272+00 1.332-01 -6.042-01 1.442+00 -1.272+00 0.03 2.77 131 76 105
103 45 3.02E-02 -1.372+00 -4.332+00 -1.922+00 3.602-01 1.442+00 3.642-01 0.07 4.93 76 359 885
104 45 2.95E-02 1.352+00 -2.232+00 -2.692-01 2.122-01 1.412+00 -1.242+00 0.07 2.62 132 186 244
105 45 9.52E-02 -6.292-01 -3.632+00 4.912-01 2.672+00 1.442+00 -8.122-01 0.23 3.72 119 854 1587
106 45 1.05E-01 -2.472-01 -2.312+00 -2.512+00 1.222+00 1.442+00 -3.072-01 0.25 3.42 102 864 1478
107 45 1.63E-02 -1.232+00 -3.482+00 1.912+00 -9.102-01 1.442+00 1.062+00 0.04 4.15 54 163 339
108 45 1.13E+00 -1.752+00 -3.372+00 -8.462-01 -4.142-02 1.442+00 1.272+00 2.71 3.89 49 10555 20525
109 45 5.56E-01 -1.502+00 -3.972+00 -1.412+00 6.792-01 1.442+00 3.252-01 1.34 4.47 77 5990 13386
110 45 4.98E-01 1.422+00 -3.682+00 -1.942-01 2.652+00 1.442+00 1.422-01 1.20 3.95 84 4743 9374
111 45 2.75E-02 -6.412-01 -1.642+00 -2.642-01 1.192-01 1.422+00 -1.242+00 0.07 1.78 131 118 105
112 45 3.95E-01 -1.712+00 -1.402+00 -1.262-01 3.322-02 1.442+00 -7.562-01 0.95 2.21 118 2104 2325
113 45 5.09E-02 -4.062-01 -3.332+00 7.582-01 -6.752-01 1.442+00 -8.002-01 0.12 3.44 119 422 726
114 45 1.51E-01 -1.282+00 -5.982+00 6.362-01 -1.492+00 1.442+00 8.022-01 0.36 6.15 61 2243 6893
115 45 2.65E-02 2.752+00 -3.802+00 1.162+00 -2.522-01 1.432+00 -1.102+00 0.06 4.83 128 308 744
116 45 6.88E-02 -1.372-01 -3.282+00 -1.592+00 -2.442-01 1.262+00 -1.242+00 0.17 3.64 135 604 1101
117 45 2.38E-02 1.052+00 -1.702+00 8.882-01 -2.522-01 1.442+00 -8.772-01 0.06 2.18 121 125 137
118 45 4.94E-01 -1.962+00 -3.702+00 -1.042+00 -1.482-01 1.342+00 1.222+00 1.19 4.31 48 5141 11089
119 45 1.49E-02 -1.552+00 -5.652+00 1.942+00 -6.012-01 1.442+00 -5.892-01 0.04 6.17 112 222 685
120 45 1.86E-01 -7.932-01 -4.992+00 9.722-01 -1.212+00 1.442+00 4.942-01 0.45 5.15 71 2312 5949
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Table III-1. Impact Information for 1x10" Probability of Exceedance Hazard (Continued)
3
3"
CD
CD■D
O
Q .
C
aO
3
■D
O
CD
Q .
■D
CD
C /)
C /)
Wo'X*
1Q
lïsfs.oB
mo'
sj
o *if
tif
*lf
n|
if i i l l
s 8 s>l
SIB
.f 1t
I
1 3: S
CD
cTi[ i
1
si
1
121 45 1.01E-02 1.44E+00 -1.572+00 -1.022+00 1.112-01 1.432+00 -1.172+00 0.02 2.36 129 57 68
122 45 7.52E-02 -9.34E-01 -4.782+00 -1.492+00 1.312+00 1.442+00 -1.792-01 0.18 5.09 97 924 2353
123 45 2.10E-02 -2.35E+00 -1.892+00 -4,752-01 5.832-01 1.442+00 -1.332-02 0.05 3.05 91 154 235
124 45 1.32E-01 -3.73E-01 -1.902+00 2.962-01 -3.562-02 1.442+00 -1.262+00 0.32 1.96 131 624 611
125 45 2.49E-02 1.81E+00 -2.762+00 5.162-01 2.012+00 1.442+00 -2.042-01 0.06 3.34 98 201 336
126 45 1.12E-02 1.41E-01 -4.462+00 7,022-01 1.082+00 1.442+00 -3.082-01 0.03 4.51 102 122 275
127 45 1.01E-02 1.74E+00 4.512-01 1.122+00 2.642-01 1.442+00 -6.242-01 0.02 2.11 113 52 55
128 45 3.07E-02 1.89E+00 -3.842+00 8.022-01 7.812-01 1.442+00 -7.032-01 0.07 4.35 116 322 702
129 45 8.49E-02 6.67E-01 -3.422+00 9.632-01 -4.632-02 1.442+00 -4.182-01 0.20 3.61 106 740 1337
130 45 5.64E-01 -1.33E+00 -5.142+00 -7.682-01 -9.692-01 1.442+00 1.272+00 1.36 5.37 49 7304 19603
131 45 3.22E-01 -1.60E+00 -5.402+00 -1.102+00 -3.452-01 1.442+00 1.272+00 0.78 5.74 49 4464 12816
132 45 3.67E-02 -7.42E-02 -1.262+00 5.302-01 6.252-01 1.442+00 -5.262-01 0.09 1.37 110 121 82
133 45 7.40E-02 -2.48E+00 -3.292+00 -4.052+00 1.612+00 1.442+00 5.632-01 0.18 5.78 69 1030 2976
134 45 3.34E-02 -6.43E-01 -3.892+00 2.672-01 8.192-01 1.442+00 -5.072-01 0.08 3.95 109 318 629
135 45 1.80E+00 -1.92E-01 -1.802+00 1.482-01 1.442+00 1.402+00 -1.262+00 4.35 1.82 132 7908 7191
136 46 4.29E-02 -3.44E+00 -4.542+00 7.872-01 6.842+00 1.442+00 6.002-01 0.10 5.75 67 596 1713
137 47 3.19E-02 -2.95E-02 -7.472+00 1.482-01 -5.252+00 1.412+00 1.262+00 0.08 7.47 48 574 2146
138 47 4.82E-02 3.65E-01 -6.692+00 -1.482-01 -4.702+00 1.442+00 8.452-01 0.12 6.70 60 780 2612
139 48 2.68E-01 -3.84E-01 7.172-01 3.032+00 4.252+00 5.672-02 -1.272+00 0.65 3.14 178 2025 3175
140 49 2.78E-01 7.67E-06 -2.222+00 1.792+00 5.392+00 -6.882-01 -1.272+00 0.67 2.85 208 1911 2724
141 49 2.78E-01 -7.10E-01 4.482-01 -4.162-01 6.942+00 -1.412+00 -1.252+00 0.67 0.94 228 629 295
142 49 1.63E-01 6.92E-01 -2.092+00 9.402-01 -3.512+00 -1.432+00 -1.242+00 0.39 2.39 229 941 1124
143 50 3.15E-01 5.00E-01 -3.442+00 -1.722+00 -8.992+00 1.442+00 3.562-01 0.76 3.88 76 2941 5699
144 51 1.05E-02 -3.44E-01 -1.332+00 2.362+00 5.312+00 -1.092+00 -1.272+00 0.03 2.73 221 69 94
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145 51 1.03E+00 -4.07E-01 -1.52E+00 -1.57E-01 7.62E+00 1.44E+00 -1.27E+00 2.47 1.58 131 3906 3084
146 51 2.79E-02 -5.79E-02 -7.65E-01 -2.28E-01 8.31 E+00 1.44E+00 -6.33E-01 0.07 0.80 114 54 22
147 52 5.62E-01 4.20E-01 -4.94E-01 -1.33E-01 -4.34E+00 1.44E+00 -1.27E+00 1.36 0.66 131 897 297
148 52 1.85E-02 -3.62E-01 -2.97E+00 -1.71 E-01 -2.89E+00 1.44E+00 6.02E-01 0.04 3.00 67 134 200
149 54 6.18E-02 -1.18E+00 -3.47E+00 -8.51 E-01 -1.08E+01 1.34E+00 1.03E+00 0.15 3.77 52 562 1058
150 54 3.04E-02 -7.52E-01 -2.92E+00 1.52E+00 -9.00E+00 7.10E-01 -1.27E+00 0.07 3.38 151 248 419
151 54 6.47E-02 -9.25E-01 -4.01 E+00 -2.12E+00 -1.02E+01 7.22E-01 1.27E+00 0.16 4.63 30 722 1673
152 55 1.63E-02 -2.28E+00 -4.42E+00 6.77E-01 8.16E-01 1.44E+00 1.03E+00 0.04 5.02 55 197 493
153 55 2.04E+00 -4.91 E-01 -2.45E+00 4.41 E-01 2.90E+00 1.44E+00 -7.88E-01 4.92 2.53 119 12465 15793
154 55 8.87E-02 3.45E+00 -4.25E+00 1.28E+00 4.94E+00 1.44E+00 1.27E+00 0.21 5.62 49 1202 3376
155 55 2.32E+00 8.44E-01 -4.77E+00 -3.23E-01 1.09E+00 1.44E+00 9.96E-01 5.61 4.85 55 27194 65957
156 55 1.08E+00 7.78E-01 -3.49E+00 -1.56E-01 9.04E-01 1.44E+00 1.27E+00 2.59 3.58 49 9282 16600
157 55 2.88E-01 -4.52E-01 9.02E-01 1.88E+00 7.34E+00 -9.40E-01 -1.27E+00 0.70 2.14 217 1485 1585
158 55 1.11E-01 2.07E+00 9.85E-02 1.98E+00 7.82E+00 1.03E-01 -1.27E+00 0.27 2.86 175 767 1099
159 55 1.05E-01 -1.47E+00 -1.76E+00 1.70E-01 2.19E+00 1.44E+00 -5.28E-02 0.25 2.30 92 582 670
160 55 1.06E-01 -2.28E+00 -5.85E+00 1.35E+00 1.95E+00 1.44E+00 -5.16E-01 0.25 6.42 110 1637 5254
161 55 1.58E+00 -1.08E-01 -4.83E+00 -6.34E-01 4.17E-01 1.44E+00 1.27E+00 3.82 4.87 49 18611 45345
162 55 3.79E-01 6.72E-01 -3.22E+00 -5.58E-01 2.48E+00 1.44E+00 1.27E+00 0.91 3.34 49 3049 5091
163 55 7.58E-02 -2.63E+00 -3.51 E+00 1.33E+00 1.21 E+00 1.43E+00 -1.26E+00 0.18 4.59 132 838 1921
164 55 3.13E-01 -2.86E-01 -9.68E-01 1.77E-01 2.66E+00 1.44E+00 1.07E+00 0.75 1.02 53 773 396
165 55 4.64E-02 6.49E-01 -1.21 E+00 -8.09E-02 2.17E+00 1.44E+00 1.03E+00 0.11 1.38 54 154 106
166 55 2.00E+00 -3.54E-02 -1.75E+00 1.59E-01 1.15E+00 1.44E+00 -1.27E+00 4.83 1.76 131 8492 7470
167 55 3.50E-01 -1 .26E+00 -3.68E+00 1.27E+00 3.54E+00 1.44E+00 -1.04E-01 0.84 4.09 94 3449 7055
168 55 5.20E-02 6.74E-01 -5.60E-01 3.23E-01 2.53E+00 1.44E+00 -7.27E-01 0.13 0.93 117 117 55
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Table III-1. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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169 55 1.20E+00 -2.19E-01 -3.51 E+00 1.56E+00 6.15E+00 1.44E+00 -1.27E+00 2.89 3.85 131 11131 21409
170 55 3.45E-01 5.15E-02 -1.53E+00 2.27E+00 6.30E+00 1.44E+00 -1.26E+00 0.83 2.74 131 2278 3123
171 55 3.72E-01 -2.36E+00 -3.01 E+00 1.48E+00 7.64E+00 1.34E+00 -1.24E+00 0.90 4.10 133 3679 7541
172 55 1.19E-01 1.82E+00 -1.76E+00 2.32E+00 7.66E+00 1.34E+00 -1.11 E+00 0.29 3.43 130 983 1686
173 58 7.43E-02 7.07E-01 -1.18E-01 1.30E+00 -6.96E+00 -1.43E+00 -1.15E+00 0.18 1.49 231 266 198
174 58 1.43E-01 9.08E-01 -3.41 E+00 -1.77E+00 -1.86E+00 1.44E+00 -1.08E+00 0.34 3.94 127 1355 2672
175 58 9.69E-02 1.07E+00 -3.69E+00 -1.38E+00 -1.60E+00 1.44E+00 -1.06E+00 0.23 4.08 126 955 1948
176 58 8.35E-01 1.16E+00 -5.50E+00 8.71 E-01 -6.29E-01 1.44E+00 -3.22E-02 2.01 5.69 91 11471 32652
177 58 1.72E-01 -9.01 E-02 -3.53E+00 3.05E-01 -2.89E+00 1.44E+00 -7.45E-02 0.41 3.54 93 1465 2594
178 58 6.13E-01 2.12E+00 -4.97E+00 1.13E+00 -1.95E+00 1.39E+00 1.23E+00 1.48 5.52 48 8159 22506
179 58 2.27E-02 9.03E-01 -1.69E+00 -1.60E+00 2.83E-02 1.34E+00 1.26E+00 0.05 2.49 47 136 170
180 58 6.19E-01 -6.14E-01 -1.92E+00 -1.02E+00 -2.0SE+00 1.44E+00 -1.08E+00 1.49 2.26 127 3375 3812
181 58 4.67E-01 2.02E+00 -3.21 E+00 8.36E-01 -4.54E-01 1.44E+00 2.90E-01 1.13 3.89 79 4385 8527
182 58 1.21 E-01 -5.66E-01 -5.36E+00 -5.40E-01 -2.77E+00 1.44E+00 8.86E-01 0.29 5.41 58 1585 4288
183 58 3.71E+00 -9.99E-01 -2.23E+00 -4.19E-01 -2.18E+00 1.24E+00 1.19E+00 8.95 2.48 46 22171 27458
184 58 3.41E-01 5.99E-01 -4.82E+00 -4.11 E-02 -1.31 E+00 1.44E+00 5.89E-01 0.82 4.86 68 3989 9683
185 58 4.28E-02 7.63E-01 -5.78E+00 -2.55E-02 -5.70E-01 1.40E+00 1.26E+00 0.10 5.83 48 603 1758
186 58 1.06E+00 -7.38E-01 -4.36E+00 5.54E-01 -3.05E+00 1.36E+00 1.23E+00 2.55 4.45 48 11354 25278
187 58 1.04E-02 1.06E+00 1.65E-01 -4.56E-01 -8.04E+00 -1.44E+00 1.27E+00 0.02 1.17 311 29 17
188 58 2.38E-01 4.67E-01 -3.95E+00 8.03E-02 -1.70E+00 1.44E+00 -5.90E-01 0.57 3.98 112 2281 4538
189 58 1.15E-01 7.40E-01 -7.39E+00 1.41 E+00 -8.13E-01 1.44E+00 -5.54E-01 0.28 7.56 111 2103 7948
190 58 1.44E+00 2.10E+00 -1.86E+00 1.62E+00 -3.19E+00 1.44E+00 -1.27E+00 3.48 3.23 131 11242 18182
191 58 6.02E+00 2.92E-02 -4.69E+00 6.56E-01 -4.94E+00 1.44E+00 -1.272+00 14.53 4.74 131 68840 163083
192 58 2.36E+00 -7.35E-02 1.20E-01 1.12E+00 -3.39E+00 1.44E+00 -1.27E+00 5.68 1.13 131 6403 3608
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Table III-1. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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193 58 3.19E-02 -4.11 E+00 -1.97E+00 -1.24E+00 -1.00E+00 1.39E+00 8.46E-01 0.08 4.73 59 364 861
194 58 9.65E-01 1.21 E+00 -5.07E+00 1.97E+00 -2.48E+00 1.44E+00 1.88E-01 2.33 5.57 83 12969 36127
195 58 6.35E-02 1.83E+00 -1.38E+00 1.78E+00 -8.60E-01 1.44E+00 -4.00E-01 0.15 2.90 106 444 645
196 58 1.99E-01 -1.73E+00 -4.53E+00 1.73E+00 -1.52E+00 1.44E+00 -1.26E+00 0.48 5.15 131 2473 6362
197 58 1.12E-01 1.06E+00 -2.50E+00 1.89E+00 -1.70E+00 1.44E+00 8.31 E-02 0.27 3.31 87 894 1479
198 58 1.07E+00 -1.09E+00 -2.07E+00 1.73E+00 -1.18E+00 1.43E+00 -1.13E+00 2.58 2.91 128 7502 10910
199 58 1.19E+00 -6.92E-02 -3.36E+00 -2.34E+00 -3.46E+00 1.44E+00 -9.07E-01 2.87 4.09 122 11753 24052
200 58 2.76E-02 3.64E-01 -7.27E-01 -1.04E+00 -4.10E+00 1.38E+00 8.37E-01 0.07 1.32 59 88 58
201 58 2.45E-01 3.97E-01 -3.15E+00 -4.02E-01 -7.10E-01 1.44E+00 4.40E-01 0.59 3.20 73 1888 3020
202 58 4.73E-01 -9.65E-01 -4.75E+00 1.29E+00 -7.84E-01 1.41 E+00 -1.27E+00 1.14 5.02 132 5733 14395
203 58 1.07E+00 1.64E+00 -3.14E+00 1.12E+00 2.10E-01 1.44E+00 -6.99E-01 2.58 3.71 116 9589 17809
204 58 2.59E+00 -4.30E-01 -1.33E+00 -1.51 E-02 -4.80E-02 1.44E+00 7.16E-02 6.26 1.40 87 8761 6135
205 58 1.21 E-01 -8.09E-02 -5.51 E+00 -1.19E+00 3.59E-01 1.44E+00 -1.08E+00 0.29 5.63 127 1645 4633
206 58 7.35E-01 -6.96E-01 -3.03E+00 2.25E+00 -1.05E+00 1.44E+00 1.05E+00 1.77 3.84 54 6806 13064
207 58 2.26E+00 5.23E-02 -3.54E+00 1.16E+00 -2.65E+00 1.44E+00 -1.27E+00 5.45 3.72 131 20310 37816
208 58 1.42E+00 1.14E+00 -3.15E+00 1.34E+00 -2.94E+00 1.44E+00 9.77E-01 3.42 3.61 56 12340 22246
209 58 1.28E-01 -2.60E+00 -1.22E+00 -9.54E-01 -3.60E+00 1.44E+00 2.79E-01 0.31 3.03 79 931 1408
210 58 8.88E+00 -1.14E+00 -1 .77E+00 4.00E-01 -2.54E+00 1.42E+00 1.25E+00 21.42 2.14 49 45899 49184
211 58 1.37E-02 1.76E+00 -4.70E+00 -6.98E-01 3.12E-01 1.44E+00 1.03E-01 0.03 5.07 86 167 424
212 58 8.36E-01 2.24E+00 -2.68E+00 3.71 E-01 -4.71 E-01 1.44E+00 7.63E-01 2.02 3.51 62 7080 12427
213 58 7.15E-01 7.28E-01 -2.30E+00 -2.65E-01 -2.11 E-01 1.44E+00 1.85E-02 1.72 2.43 89 4188 5089
214 58 9.14E-02 -1.12E+00 -3.79E+00 1.29E-01 -3.61 E-01 1.44E+00 -6.38E-01 0.22 3.96 114 873 1728
215 58 1.31 E-02 1.31 E+00 -5.87E+00 -9.52E-01 -8.43E-01 1.44E+00 1.03E+00 0.03 6.09 55 193 587
216 58 5.03E-01 1 .38E+00 -4.66E+00 -2.09E-01 -1.23E+00 1.38E+00 -1.26E+00 1.21 4.87 132 5913 14395
C D■D
O
Q .
C
g
Q .
■D
CD
C/)W
o"3
O
8
ci'
Table III-1. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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217 59 1.60E-02 -2.52E-01 -4.11 E+00 -1.90E+00 -1.00E+01 1.44E+00 -1.08E+00 0.04 4.54 127 175 397
218 59 2.83E-02 -8.40E-02 -8.66E-01 -4.51 E-01 -4.70E+00 1.44E+00 -2.30E-01 0.07 0.98 99 67 33
219 59 2.79E-02 -3.66E-01 -2.42E+00 -7.30E-02 -9.32E+00 1.44E+00 -8.38E-01 0.07 2.45 120 165 202
220 59 1.71 E-02 1.97E+00 -7.58E-01 2.05E+00 -8.00E+00 -3.61 E-01 -1.27E+00 0.04 2.94 196 121 178
221 60 2.89E-02 -9.20E-01 6.76E-02 2.88E+00 -3.88E-01 -9.49E-01 -1.27E+00 0.07 3.02 217 211 319
222 60 1.84E-01 -3.11 E-01 7.19E-01 5.05E-01 -9.23E-01 -1.44E+00 -1.27E+00 0.44 0.93 229 413 192
223 64 2.38E-02 -1.72E+00 -4.80E+00 -4.97E-01 -8.79E+00 1.44E+00 2.67E-01 0.06 5.13 80 294 754
224 64 1.23E-02 -5.73E-01 -1.62E+00 4.84E+00 -8.41 E+00 -2.04E-01 -1.27E+00 0.03 5.13 189 153 392
225 64 4.98E-02 -1.83E+00 -1.70E+00 1.32E+00 -8.75E+00 -9.66E-01 -1.27E+00 0.12 2.82 217 339 478
226 64 9.18E-01 1.26E+00 -6.10E+00 -1.14E+00 -7.49E+00 1.44E+00 -1.27E+00 2.21 6.33 131 14021 44404
227 64 6.42E-02 -1.34E+00 -5.17E+00 -5.41 E-01 -8.25E+00 1.27E+00 -1.20E+00 0.15 5.36 134 830 2226
228 66 2.69E-02 -1.26E+00 6.56E-01 -1.52E+00 -2.25E+00 -1.42E+00 1.26E+00 0.06 2.08 311 135 140
229 66 1.39E-01 -3.63E-01 -1.04E-01 -1.18E+00 -4.61 E-01 -6.58E-01 1.27E+00 0.34 1.24 333 417 259
230 66 1.05E-01 7.89E-04 -1.37E-02 1.03E-02 -8.82E-01 1.34E+00 1.09E+00 0.25 0.02 51 4 0
231 66 7.53E-01 -7.26E-01 1.51 E-01 -6.56E-01 -2.06E+00 -1.44E+00 1.27E+00 1.82 0.99 311 1797 890
232 66 2.68E-02 2.11 E+00 -8.28E-01 -3.19E+00 -9.03E+00 6.98E-01 1.27E+00 0.06 3.92 29 253 496
233 67 2.01 E-02 -1.09E+00 4.94E-02 7.97E-01 9.02E+00 -9.02E-01 -1.27E+00 0.05 1.35 215 65 44
234 68 5.65E-02 8.84E-01 1.05E+00 -1.69E+00 4.97E+00 -1.95E-01 1.27E+00 0.14 2.18 351 297 323
235 68 1.26E-02 3.11 E+00 4.27E-01 -3.16E+00 4.62E+00 8.29E-01 1.27E+00 0.03 4.46 33 135 301
236 68 2.86E-02 -1.62E-01 2.52E-01 -8.43E-03 4.81 E+00 -1.41 E+00 1.26E+00 0.07 0.30 312 21 3
237 68 4.26E-02 1.88E+00 -2.04E+00 -1.79E+00 4.35E+00 6.84E-01 1.27E+00 0.10 3.31 28 340 562
238 68 3.06E-02 1.23E+00 -1.39E+00 -1 .79E+00 4.18E+00 1.11E+00 1.27E+00 0.07 2.58 41 190 245
239 69 6.07E-02 -1.04E+00 -7.15E+00 -1.16E+00 -1.22E+00 1.44E+00 7.84E-02 0.15 7.32 87 1071 3921
240 69 4.26E-01 5.88E-01 -5.01 E+00 -4.52E-01 2.10E+00 1.43E+00 1.27E+00 1.03 5.06 49 5206 13176
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Table III-1. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
B-
3"
CD
CD■D
O
Q .
C
aO
3
■D
O
CD
Q .
■D
CD
C /)
C /)
mo“
R'
Z
cr*
Q
filB
Ü3
1 111
ti i
' I f
l l i
5>l
ç i a
1 1
S>l
* t î
H
l i l% o
M B
J
* î
o I
1  
•S go  ^
im Iff 1' W1
241 69 2.07E+00 -5.00E-01 -2.80E+00 4.92E-01 -5.30E+00 1.44E+00 -1.26E+00 5.00 2.89 131 14467 20915
242 69 1.76E-01 -1.27E+00 -4.11 E+00 1.99E+00 -3.85E+00 1.42E+00 1.26E+00 0.42 4.74 48 2009 4762
243 70 1.84E-02 -1.19E-01 -3.83E+00 -2.55E-01 -1.90E+00 1.44E+00 1.11 E+00 0.04 3.84 53 170 327
244 71 4.31E-02 -4.68E-01 -6.13E+00 -1.19E+00 1.44E-01 1.18E-01 1.27E+00 0.10 6.26 5 651 2038
245 71 2.88E-02 1.15E+00 1.75E-01 4.18E-02 -3.96E-01 -1.34E+00 1.15E+00 0.07 1.16 311 81 47
246 72 1.73E-01 4.27E-01 -3.89E-01 1.15E+00 -6.12E+00 7.67E-01 -1.27E+00 0.42 1.28 149 536 344
247 72 2.35E-02 -4.56E-01 -6.60E-01 6.62E-01 -5.66E+00 -1.44E+00 -1.26E+00 0.06 1.04 229 59 31
246 72 2.92E-02 2.85E-02 4.99E-01 7.76E-01 -3.84E-01 -1.44E+00 -6.81 E-01 0.07 0.92 245 65 30
249 72 2.72E-01 -1.63E-01 4.75E-01 9.55E-02 -6.31 E+00 -1.44E+00 -1.27E+00 0.66 0.51 229 335 86
250 72 1.49E-01 -6.73E-02 2.23E-01 -5.73E-02 3.74E-01 -1.44E+00 1.27E+00 0.36 0.24 311 86 10
251 72 1.06E-02 8.98E-01 -2.21 E+00 -2.92E+00 -9.52E+00 1.11E-01 1.27E+00 0.03 3.77 5 96 181
252 73 1.33E-01 -3.74E-01 -5.87E+00 1.68E+00 7.57E+00 1.32E+00 -1.26E+00 0.32 6.12 134 1958 5989
253 75 6.85E-02 -4.92E-01 -1.12E+00 -1.75E+00 -4.48E+00 -4.53E-01 1.27E+00 0.17 2.14 340 353 378
254 75 3.98E-02 1.90E-02 -2.09E+00 2.67E-01 -7.14E+00 1.43E+00 -1.10E+00 0.10 2.11 128 203 214
255 75 3.50E-01 -7.51 E-01 -4.08E+00 -6.69E-01 -7.37E+00 1.38E+00 -1.18E+00 0.84 4.20 131 3545 7444
256 75 4.40E-02 -3.50E-01 -3.11 E+00 -4.63E-02 -8.32E+00 1.44E+00 -9.10E-01 0.11 3.13 122 332 518
257 76 1.73E-02 1.28E+00 -1.43E+00 8.03E-01 4.72E-01 -2.98E-02 -1.27E+00 0.04 2.08 181 87 90
258 77 6.67E-02 -1.47E+00 -9.03E-01 -2.50E+00 -6.36E-01 5.66E-01 1.27E+00 0.16 3.04 24 488 742
259 77 1.26E-02 1.34E-01 -3.31 E+00 -2.27E+00 -9.10E+00 1.34E+00 1.26E+00 0.03 4.02 47 122 246
260 77 2.89E-02 -3.45E-01 -4.00E+00 -1.52E+00 -8.13E+00 9.67E-01 1.27E+00 0.07 4.29 37 299 641
261 77 6.66E-02 7.79E-01 -2.16E+00 -1.20E+00 -7.93E+00 1.06E+00 1.27E+00 0.16 2.59 40 416 540
262 77 1.85E-02 -1.15E+00 -4.16E+00 -1.13E+00 -9.25E+00 1.43E+00 1.22E+00 0.04 4.46 49 199 445
263 77 2.08E-01 1.02E+00 -3.82E+00 1.71 E+00 4.08E+00 1.54E-01 -1.27E+00 0.50 4.31 173 2158 4649
264 78 2.17E-01 4.76E-01 1.06E+00 -4.33E+00 3.61 E+00 1.65E-01 1.27E+00 0.52 4.48 7 2350 5264
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1 EC58 7.43E-02 -1.37E+00 1.65E+00 1.25E+00 -6.96E+00 -1.34E+00 -1.17E+00 0.18 2.49 229 445 553
2 EC58 1.12E+00 3.09E+00 -5.49E+00 -8.13E-01 -3.01 E+00 1.43E+00 -1.07E+00 2.70 6.35 127 17155 54492
3 EC58 7.75E-01 -5.73E-01 -5.97E+00 1.22E+00 -3.45E+00 1.44E+00 6.17E-01 1.87 6.12 67 11438 35002
4 EC58 1.43E-01 4.69E+00 -5.63E+00 -2.24E+00 -5.98E-01 1.44E+00 -7.54E-01 0.34 7.67 118 2635 10098
5 EC58 9.69E-02 4.33E+00 7.52E+00 9.87E+00 -3.70E-01 3.49E-01 -1.27E+00 0.23 13.15 165 3073 20200
6 EC58 8.35E-01 1.29E+00 -3.46E+00 -9.76E-01 -9.60E-01 1.44E+00 3.27E-02 2.01 3.82 89 7696 14699
7 EC58 6.13E-01 3.31 E+00 -8.04E+00 5.86E-01 -4.33E+00 1.44E+00 -1.72E-01 1.48 8.71 97 12888 56151
8 EC58 2.27E-02 -2.43E+00 2.33E-01 -6.23E-01 -2.07E+00 -8.92E-02 1.27E+00 0.05 2.52 356 138 174
9 EC58 6.19E-01 2.12E+00 -3.52E+00 -7.31 E-01 5.54E-01 1.44E+00 -6.51 E-03 1.49 4.18 90 6239 13030
10 EC58 4.67E-01 1.53E+00 -4.26E+00 -3.41 E+00 -1.20E-01 1.44E+00 3.19E-01 1.13 5.66 78 6384 18071
11 EC58 1.21E-01 2.46E-01 -8.16E-01 -3.61 E+00 -5.15E+00 1.44E+00 1.21 E+00 0.29 3.71 50 1087 2017
12 EC58 3.71 E+00 -1.59E+00 -4.94E+00 1.63E+00 -2.03E+00 1.34E+00 1.24E+00 8.95 5.44 47 48697 132457
13 EC58 3.41 E-01 2.07E+00 -2.37E+00 -2.65E+00 -2.80E+00 1.44E+00 7.37E-01 0.82 4.11 63 3377 6943
14 EC58 4.28E-02 3.30E+00 -5.03E+00 -3.50E-01 8.25E-01 1.44E+00 2.72E-01 0.10 6.03 79 623 1876
15 EC58 1.04E-02 -5.82E-01 2.45E-01 -7.02E-01 -7.79E+00 -1.43E+00 1.26E+00 0.02 0.94 311 24 11
16 EC58 3.32E+00 -4.94E-01 -3.09E+00 1.15E+00 -4.02E+00 1.44E+00 -6.42E-01 8.01 3.33 114 26698 44514
17 EC58 1.15E-01 5.77E-01 -6.08E+00 7.80E-01 -4.91 E-01 1.44E+00 -3.55E-01 0.28 6.15 104 1713 5271
18 EC58 1.44E+00 -1.42E+00 -2.77E+00 2.32E+00 -4.27E+00 1.34E+00 -1.27E+00 3.48 3.88 133 13496 26203
19 EC58 6.02E+00 5.56E-02 -2.93E+00 3.24E-01 -3.49E+00 1.44E+00 -1.27E+00 14.53 2.95 131 42807 63061
20 EC58 2.36E+00 -2.06E+00 -4.55E+00 1.88E+00 -4.04E+00 1.44E+00 -1.26E+00 5.68 5.34 131 30329 80944
21 EC58 3.19E-02 2.42E-02 -5.50E+00 5.51 E-01 5.44E-02 1.39E+00 1.24E+00 0.08 5.53 48 426 1176
22 EC58 4.17E-02 3.10E+00 -8.81 E+00 1.92E+00 -6.46E-01 1.44E+00 5.91 E-01 0.10 9.54 68 959 4570
23 EC58 9.65E-01 1.15E+00 -5.01 E+00 7.69E-01 -4.22E+00 1.44E+00 -1.10E+00 2.33 5.20 127 12097 31431
24 EC58 6.35E-02 5.06E+00 -4.15E+00 5.43E+00 5.40E-01 1.44E+00 7.16E-01 0.15 8.51 64 1302 5539
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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25 EC58 1.99E-01 -4.88E+00 -5.58E+00 1.51 E+00 -1.19E+00 1.44E+00 -1.17E+00 0.48 7.56 129 3635 13745
26 EC58 1.12E-01 7.59E+00 -7.04E+00 2.52E+00 2.09E-01 1.44E+00 1.80E-01 0.27 10.65 83 2875 15312
27 EC58 1.07E+00 -1.17E+00 -5.85E+00 3.21 E+00 -1.40E+00 1.29E+00 -1.21 E+00 2.58 6.78 133 17476 59204
28 EC58 1.19E+00 -1.66E+00 -8.77E+00 1.29E+00 -2.90E+00 1.44E+00 7.32E-01 2.87 9.02 63 25892 116734
29 EC58 2.76E-02 4.33E+00 -8.29E+00 2.56E+00 -5.39E+00 1.44E+00 -8.53E-01 0.07 9.69 121 646 3131
30 EC58 2.45E-01 -4.50E-01 4.97E-03 -5.50E-01 -5.51 E-01 1.44E+00 -1.99E-01 0.59 0.71 98 419 149
31 EC58 4.73E-01 5.68E+00 -4.94E+00 3.50E+00 1.33E-01 1.44E+00 -9.55E-01 1.14 8.30 124 9480 39363
32 EC58 1.07E+00 1.62E+00 -2.78E+00 -3.24E-01 3.63E-01 1.44E+00 -6.96E-01 2.58 3.23 116 8350 13505
33 EC58 2.59E+00 1.80E+00 -1.40E+00 2.55E+00 -4.47E-01 1 .44E+00 6.52E-01 6.26 3.42 66 21400 36606
34 EC58 1.21 E-01 6.49E+00 -5.15E+00 -1.04E+00 2.57E+00 1.44E+00 -5.91 E-01 0.29 8.35 112 2437 10177
35 EC58 7.35E-01 6.61 E+00 -8.68E+00 1.16E+00 -4.89E-01 1.33E+00 -1.25E+00 1.77 10.97 133 19447 106654
36 EC58 2.26E+00 -2.25E+00 -2.58E+00 2.45E+00 -2.90E+00 1.44E+00 -1.26E+00 5.45 4.21 131 22975 48390
37 EC58 1.42E+00 2.63E+00 -2.44E+00 1.40E+00 -1.89E+00 1.44E+00 -8.48E-01 3.42 3.85 120 13188 25406
38 EC58 4.59E+00 -1.27E-01 -2.05E+00 7.65E-01 -3.98E+00 1.43E+00 -1.19E+00 11.07 2.19 130 24279 26623
39 EC58 1.28E-01 2.80E+00 -6.90E+00 3.41 E+00 -4.08E+00 1.40E+00 1.26E+00 0.31 8.19 48 2519 10315
40 EC58 8.88E+00 -1.59E-02 -1.56E+00 9.13E-01 -2.70E+00 1.43E+00 1.26E+00 21.42 1.81 49 38728 35016
41 EC58 1.37E-02 1.22E+01 -5.25E+00 -1.98E+00 7.39E-01 1.43E+00 1.04E+00 0.03 13.41 54 443 2967
42 EC58 8.36E-01 4.21 E+00 -8.35E+00 -1.16E+00 -1.42E+00 1.38E+00 2.59E-01 2.02 9.42 79 19002 89530
43 EC58 7.15E-01 3.73E-01 -1.24E+00 1.95E+00 -7.94E-01 1.44E+00 -8.09E-01 1.72 2.34 119 4027 4705
44 EC58 9.14E-02 6.60E+00 -3.88E+00 4.76E+00 1.64E+00 1.44E+00 -6.87E-01 0.22 9.01 116 1987 8956
45 EC58 1.31 E-02 -2.43E-01 -4.75E+00 -1.34E+00 4.39E-01 1.44E+00 7.34E-01 0.03 4.94 63 156 387
46 EC58 5.03E-01 6.20E+00 -7.59E+00 8.97E-01 -1.38E+00 1.44E+00 -1.18E+00 1.21 9.84 129 11950 58801
47 EC55 1.63E-02 2.35E+00 -5.84E+00 1.47E-01 2.13E+00 1.44E+00 2.79E-03 0.04 6.30 90 247 777
48 EC55 1.04E-01 3.03E+00 -6.78E+00 3.19E+00 7.61 E+00 8.89E-01 -1.27E+00 0.25 8.08 145 2033 8216
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Table III-2. Impact Information for IxIO'^ Probability of Exceedance Hazard (Continued)
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49 EC55 1.96E-01 -1.01 E+00 -2.52E+00 2.33E+00 6.80E+00 8.37E-01 -1.27E+00 0.47 3.58 147 1694 3033
50 EC55 2.04E+00 -1.40E+00 -3.09E+00 1.97E+00 3.11 E+00 1.44E+00 -3.61 E-01 4.92 3.93 104 19310 37901
51 EC55 8.87E-02 -5.36E-01 -6.57E+00 1.34E+00 4.66E+00 1.44E+00 -4.35E-01 0.21 6.72 107 1438 4833
52 EC55 2.32E+00 2.32E-01 -5.88E+00 -5.38E-01 1.88E+00 1.44E+00 4.78E-01 5.61 5.91 72 33144 97976
53 EC55 1.08E+00 1.48E+00 -3.74E+00 7.02E-01 1.01 E+00 1.37E+00 1.03E+00 2.59 4.09 53 10601 21656
54 EC55 3.82E-01 -1.20E+00 -2.53E+00 -1.80E+00 6.32E-01 1.41 E+00 1.22E+00 0.92 3.33 49 3067 5110
55 EC55 2.88E-01 -1.46E+00 -1.26E-01 4.75E+00 7.21 E+00 1.44E+00 -1.26E+00 0.70 4.97 131 3456 8587
56 EC55 2.44E-02 -2.76E+00 -3.42E+00 1.76E+00 2.75E+00 -1.11 E+00 -1.27E+00 0.06 4.73 221 279 659
57 EC55 5.80E-02 -1.33E+00 4.98E+00 1.80E+00 7.26E+00 -9.41 E-02 -1.27E+00 0.14 5.46 184 763 2085
58 EC55 1.11E-01 -1.22E+00 -2.41 E+00 2.13E-01 7.28E+00 -8.09E-01 -1.27E+00 0.27 2.71 213 725 982
59 EC55 1.05E-01 2.61 E+00 -2.14E+00 1.92E+00 2.68E+00 1.44E+00 -2.32E-01 0.25 3.88 99 980 1903
60 EC55 1.06E-01 1.50E-01 -9.68E+00 1.18E+00 2.86E+00 1.44E+00 -4.80E-01 0.25 9.75 108 2487 12129
61 EC55 1.58E+00 -3.97E+00 -6.14E+00 5.41 E-01 9.89E-01 1.44E+00 1.27E+00 3.82 7.33 49 28012 102719
62 EC55 3.79E-01 -8.48E-01 -6.74E+00 3.18E-01 1.52E+00 1.44E+00 1.27E+00 0.91 6.80 49 6209 21108
63 EC55 7.58E-02 1.09E+00 -4.38E+00 6.02E-01 3.03E+00 1.44E+00 6.78E-01 0.18 4.56 65 832 1896
64 EC55 3.13E-01 -5.70E-01 -1.58E+00 3.45E-01 1.66E+00 1.44E+00 6.37E-01 0.75 1.72 66 1295 1111
65 EC55 2.00E+00 -1.34E+00 -6.37E-01 3.22E+00 8.09E-01 1.42E+00 -1.17E+00 4.83 3.55 129 17124 30374
66 EC55 3.50E-01 -3.38E+00 -5.26E+00 6.29E-01 3.06E+00 1.44E+00 -3.37E-01 0.84 6.29 103 5300 16659
67 EC55 8.14E-02 -3.61 E-01 -2.50E+00 2.22E+00 3.15E-01 1.15E+00 -1.27E+00 0.20 3.37 138 661 1114
68 EC55 1.11E+00 -1.55E+00 -2.32E+00 2.12E+00 -1.78E-01 1.32E+00 -1.27E+00 2.69 3.50 134 9404 16457
69 EC55 1.20E+00 -1.37E-01 -3.32E+00 1.95E+00 6.17E+00 1.44E+00 -1.26E+00 2.89 3.85 131 11153 21496
70 EC55 3.45E-01 -4.49E-01 -2.14E+00 2.14E+00 6.32E+00 1.44E+00 -1.27E+00 0.83 3.06 131 2545 3896
71 EC55 3.72E-01 -5.75E+00 -2.43E-01 8.82E+00 7.22E+00 1.44E+00 -1.27E+00 0.90 10.53 131 9451 49753
72 EC55 1.19E-01 -1.58E+00 -3.03E+00 3.14E+00 7.27E+00 6.35E-01 -1.27E+00 0.29 4.64 153 1331 3091
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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73 EC35 3.14E-01 -1.88E+00 -4.82E+00 3.75E+00 4.27E+00 1.25E+00 -1.27E+00 0.76 6.39 135 4847 15498
74 EC35 1.50E-01 -1.09E+00 -3.98E+00 5.56E+00 3.31 E+00 1.44E+00 7.38E-02 0.36 6.92 87 2504 8668
75 EC35 9.46E-02 -1.86E+00 -3.39E-01 3.09E+00 5.10E+00 1.44E+00 -1.26E+00 0.23 3.62 131 826 1496
76 EC35 6.14E-02 2.89E+00 -6.16E+00 -2.59E+00 4.46E+00 1.42E+00 -1.25E+00 0.15 7.28 131 1078 3923
77 EC35 5.08E-02 -3.27E-01 -1.75E+00 4.80E+00 5.61 E+00 -5.31 E-01 -1.27E+00 0.12 5.12 203 627 1606
78 EC35 1.22E-02 1.51 E+00 -2.31 E+00 -5.44E+00 2.60E+00 1.44E+00 1.26E+00 0.03 6.10 49 180 548
79 EC35 1.55E+00 1.32E-01 -5.33E-01 3.60E+00 4.92E+00 9.84E-01 -1.27E+00 3.75 3.64 142 13642 24837
80 EC35 1.16E-01 -3.95E+00 -9.05E+00 1.62E+00 6.92E+00 1.44E+00 -1.27E+00 0.28 10.01 131 2801 14014
81 EC35 2.83E-01 -7.25E-01 -4.91 E+00 5.30E+00 3.21 E+00 1.44E+00 2.11 E-01 0.68 7.26 82 4958 17999
82 EC35 8.72E-02 -5.18E+00 -5.04E+00 -1.28E+00 2.08E+00 1.44E+00 -4.40E-01 0.21 7.34 107 1544 5664
83 EC35 1.87E-02 4.13E-01 -5.87E+00 2.98E+00 6.12E+00 1.44E+00 1.11 E+00 0.05 6.59 52 297 978
84 EC35 1.30E-02 2.80E-01 -5.29E+00 5.95E+00 4.57E+00 1.44E+00 -9.26E-01 0.03 7.97 123 250 994
85 EC35 9.86E-02 -6.30E+00 -7.18E+00 1.83E+00 5.39E+00 1.44E+00 -1.53E-01 0.24 9.72 96 2313 11247
86 EC35 3.12E-01 7.26E-01 -3.15E-02 8.15E-01 5.02E+00 1.44E+00 4.90E-01 0.75 1.09 71 822 449
87 EC35 2.40E-01 -2.57E-01 -6.76E+00 1.84E+00 4.32E+00 1.44E+00 -3.29E-01 0.58 7.01 103 4053 14213
88 EC35 3.32E+00 4.96E-01 -2.34E+00 -1.18E-01 2.05E+00 1.44E+00 4.69E-01 8.01 2.39 72 19165 22938
89 EC35 8.14E-01 -1.28E+00 -1.79E+00 4.92E+00 4.30E+00 1.28E+00 -1.13E+00 1.96 5.39 132 10576 28494
90 EC35 9.54E-01 2.12E-01 -3.67E+00 1.82E-01 1.14E+00 1.44E+00 1.27E+00 2.30 3.68 49 8478 15615
91 EC35 3.14E-01 -1.98E+00 -1.46E+00 2.10E+00 5.09E+00 8.16E-01 -1.27E+00 0.76 3.23 147 2445 3952
92 EC35 1.24E-01 5.51 E+00 -3.88E+00 1.13E+00 4.59E+00 1.41 E+00 1.24E+00 0.30 6.83 49 2039 6966
93 EC35 2.07E-02 7.69E-01 -3.20E+00 3.47E+00 6.03E+00 1.43E+00 -1.24E+00 0.05 4.79 131 239 572
94 EC35 9.58E-02 8.64E-01 -1.40E+00 -1.10E-02 2.81 E+00 1.44E+00 9.68E-01 0.23 1.65 56 380 313
95 EC35 9.73E-01 1.50E+00 -5.24E+00 -1.64E+00 2.77E+00 1.44E+00 -3.04E-01 2.35 5.69 102 13353 37979
96 EC35 7.23E-02 -5.40E+00 -4.34E+00 1.17E-01 1.77E+00 1.44E+00 -1.00E+00 0.17 6.93 125 1207 4179
C D■D
O
Q .
C
g
Q .
■D
CD
C/)W
o"3
O
3
CD
8
Table III-2. Impact Information for IxIO'^ Probability of Exceedance Hazard (Continued)
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97 EC35 1.08E-02 1.21E+00 -2.82E+00 1.64E+00 2.62E+00 1.44E+00 -3.24E-02 0.03 3.48 91 90 157
98 EC35 8.78E-01 -5.18E-01 -3.29E+00 2.15E+00 5.37E+00 -1.18E+00 -1.27E+00 2.12 3.96 223 8391 16632
99 EC35 9.24E-02 -1.28E+00 -4.39E+00 2.75E+00 5.97E+00 1.34E+00 -1.27E+00 0.22 5.34 133 1189 3172
100 EC35 8.36E-01 9.97E-01 -3.05E+00 1.88E+00 6.83E+00 1.43E+00 -9.92E-01 2.02 3.72 125 7498 13939
101 EC35 5.52E-01 -1.35E+00 -2.55E+00 4.93E+00 4.72E+00 9.74E-01 -1.27E+00 1.33 5.71 143 7609 21739
102 EC35 1.29E-02 1.36E+00 -4.29E+00 7.78E+00 6.19E+00 1.44E+00 -1.16E+00 0.03 8.99 129 280 1257
103 EC35 5.05E-01 1.60E+00 -2.31 E+00 -3.97E+00 2.10E+00 1.44E+00 4.21 E-01 1.22 4.86 74 5926 14407
104 EC35 9.17E-01 -3.32E-01 -2.04E+00 5.84E-01 3.54E+00 1.44E+00 -1.27E+00 2.21 2.14 131 4742 5086
105 EC35 1.05E-01 2.62E+00 -6.53E+00 4.04E+00 7.31 E+00 1.44E+00 -1.23E-01 0.25 8.12 95 2061 8364
106 EC35 2.98E-01 9.43E-02 -4.07E+00 -3.66E-04 3.71 E+00 1.44E+00 -9.26E-01 0.72 4.07 123 2927 5957
107 EC35 1.71E-01 3.04E+00 -4.24E+00 2.40E-01 6.30E+00 1.44E+00 6.59E-01 0.41 5.22 65 2148 5610
106 EC35 3.13E-02 -2.13E+00 -1.57E+00 1.03E+00 3.78E+00 1.44E+00 -2.21 E-01 0.08 2.84 99 215 305
109 EC35 6.97E-01 -1.01 E-01 -3.78E+00 -1.87E+00 5.52E+00 1.44E+00 9.60E-01 1.68 4.22 56 7095 14971
110 EC45 2.46E-01 6.04E+00 -5.46E+00 2.48E+00 2.32E+00 1.33E+00 1.24E+00 0.59 8.52 47 5063 21562
111 EC45 1.14E-02 5.63E+00 -3.02E+00 1.79E+00 3.13E+00 1.44E+00 -4.93E-01 0.03 6.64 109 183 607
112 EC45 3.02E-02 -1.02E+00 -4.56E+00 -1.46E+00 5.33E-01 1.44E+00 5.27E-01 0.07 4.89 70 356 871
113 EC45 2.95E-02 1.25E+00 -2.92E+00 -1.39E-01 2.78E-01 1.44E+00 -7.57E-01 0.07 3.18 118 226 359
114 EC45 9.52E-02 -5.85E-01 -4.23E+00 5.81 E-01 2.79E+00 1.34E+00 -8.83E-01 0.23 4.31 123 990 2135
115 EC45 1.05E-01 4.23E+00 -2.20E+00 2.49E+00 6.71 E-01 1.44E+00 3.27E-01 0.25 5.38 77 1358 3652
116 EC45 1.63E-02 3.92E+00 -3.41 E+00 4.56E-01 2.43E+00 1.44E+00 6.95E-01 0.04 5.21 64 205 534
117 EC45 1.13E+00 -4.03E-01 -4.21 E+00 -2.95E-01 6.48E-01 1.38E+00 1.24E+00 2.71 4.23 48 11493 24335
118 EC45 5.56E-01 -7.78E-01 -3.98E+00 -1.03E+00 8.23E-01 1.44E+00 5.15E-01 1.34 4.19 70 5610 11741
119 EC45 4.98E-01 1.76E+00 -2.76E+00 -3.10E-01 3.48E+00 1.44E+00 -3.48E-01 1.20 3.29 104 3951 6504
120 EC45 3.95E-01 1.38E+00 -2.25E+00 1.39E-01 5.19E-01 1.44E+00 -1.73E-01 0.95 2.65 97 2518 3331
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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121 EC45 5.09E-02 -4.89E-01 -4.85E+00 -3.56E-01 -6.62E-01 1.44E+00 -1.01 E+00 0.12 4.89 125 601 1470
122 EC45 1.51 E-01 -7.01 E-01 -5.69E+00 2.70E-01 -1.38E+00 1.44E+00 6.29E-01 0.36 5.74 66 2094 6007
123 EC45 2.65E-02 -1.28E+00 -3.86E+00 4.94E+00 -2.05E+00 1.44E+00 -1.09E+00 0.06 6.39 127 409 1307
124 EC45 6.88E-02 -4.69E-01 -4.24E+00 -3.12E-01 -9.17E-02 1.37E+00 -1.19E+00 0.17 4.28 131 710 1517
125 EC45 2.38E-02 -2.24E+00 -1.90E+00 -1.29E+00 1.10E+00 1.44E+00 2.79E-01 0.06 3.21 79 184 295
126 EC45 4.94E-01 -5.42E-01 -4.41 E+00 -9.15E-01 -1.10E-01 1.34E+00 1.26E+00 1.19 4.54 47 5408 12268
127 EC45 1.49E-02 4.62E+00 -2.90E+00 7.25E+00 2.64E+00 4.82E-01 -1.27E+00 0.04 9.07 159 326 1477
128 EC45 1.86E-01 1.31 E-01 -5.88E+00 -2.82E-02 -1.06E+00 1.44E+00 3.42E-01 0.45 5.88 77 2639 7756
129 EC45 1.01 E-02 -3.72E+00 1.66E+00 9.19E-01 1.53E+00 1.44E+00 -1.16E+00 0.02 4.18 129 101 212
130 EC45 7.52E-02 -3.10E-01 -4.55E+00 -1.37E+00 1.37E+00 1.44E+00 -9.73E-02 0.18 4.76 94 864 2059
131 EC45 2.10E-02 -5.61 E+00 -1.84E+00 -3.52E-01 -2.96E+00 1.44E+00 -5.71 E-01 0.05 5.91 112 299 884
132 EC45 1.99E-02 4.58E-01 -2.63E+00 -3.21 E-01 -3.50E-01 1.44E+00 -6.61 E-01 0.05 2.68 115 129 173
133 EC45 1.12E-02 -1.02E+00 1.97E-01 1.31 E-01 5.32E-02 1.43E+00 -1.25E+00 0.03 1.05 131 28 15
134 EC45 1.01 E-02 -4.19E-01 -2.89E+00 2.32E+00 9.00E-01 1.44E+00 7.06E-01 0.02 3.73 64 91 170
135 EC45 3.07E-02 -3.60E+00 8.69E-01 1.26E+00 -2.49E+00 -3.32E-01 -1.27E+00 0.07 3.91 195 289 566
136 EC45 8.49E-02 2.45E-01 -3.56E+00 -7.30E-01 5.67E-01 1.44E+00 7.33E-01 0.20 3.64 63 745 1357
137 EC45 5.64E-01 -1.28E+00 -4.89E+00 -8.12E-01 -9.88E-01 1.44E+00 1.27E+00 1.36 5.12 49 6963 17812
138 EC45 3.22E-01 -1.22E+00 -5.01 E+00 -9.80E-01 -4.13E-01 1.44E+00 1.27E+00 0.78 5.25 49 4083 10724
139 EC45 3.67E-02 -4.11 E-01 -4.04E-01 2.80E-01 8.15E-01 1.44E+00 -7.01 E-01 0.09 0.64 116 57 18
140 EC45 7.40E-02 5.22E-01 -5.40E+00 1.74E+00 1.50E+00 1.44E+00 2.54E-01 0.18 5.69 80 1016 2891
141 EC45 3.34E-02 -3.97E-01 -3.84E+00 -8.48E-01 1.23E+00 1.44E+00 1.71 E-01 0.08 3.95 83 318 629
142 EC45 1.80E+00 -5.64E-01 -5.35E+00 -4.81 E-01 9.88E-01 1.44E+00 -1.27E+00 4.35 5.40 131 23492 63469
143 EC43 7.01 E-02 -7.59E-01 -5.22E+00 -7.79E-01 -8.44E+00 1.44E+00 7.15E-01 0.17 5.33 64 902 2406
144 EC43 1.42E-01 2.64E+00 -1.28E+00 -1.29E+00 -7.14E+00 -1.24E-01 1.27E+00 0.34 3.21 354 1100 1766
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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145 EC43 5.56E-01 4.46E-01 -2.59E+00 -1.65E+00 -2.86E+00 -9.37E-01 1.27E+00 1.34 3.10 323 4160 6457
146 EC43 2.44E+00 1.22E+00 4.81 E-01 -2.98E+00 -3.04E+00 -7.84E-01 1.27E+00 5.88 3.25 328 19146 31159
147 EC43 2.70E-01 2.14E+00 3.18E+00 -4.41 E+00 -5.58E+00 1.17E+00 1.27E+00 0.65 5.84 43 3799 11090
148 EC43 1.58E+00 2.24E+00 3.23E+00 -3.11 E+00 -6.68E+00 1.64E-02 1.27E+00 3.82 5.01 1 19131 47968
149 EC80 7.40E-02 1.82E+00 -9.39E-01 -4.55E+00 5.89E+00 -2.02E-01 1.27E+00 0.18 4.99 351 890 2220
150 EC80 1.52E-01 -1.85E+00 -5.20E+00 -3.73E-01 4.93E+00 1.44E+00 4.48E-01 0.37 5.53 73 2027 5608
151 EC80 4.71 E-02 -1.11E+00 1.19E+00 -2.05E+00 3.35E+00 -1.22E+00 1.27E+00 0.11 2.62 316 297 389
152 EC80 6.48E-02 -1.14E+00 -1.70E+00 2.36E+00 1.04E+01 1.44E+00 -4.74E-01 0.16 3.13 108 488 763
153 EC80 2.64E+00 -2.37E+00 -3.22E-01 -3.47E+00 5.17E+00 -1.26E+00 1.27E+00 6.38 4.22 315 26876 56649
154 EC80 6.38E-02 6.88E-01 1.42E+00 -1.29E+00 3.71 E+00 -1.34E+00 1.26E+00 0.15 2.04 313 314 319
155 EC69 6.07E-02 -7.94E-01 -6.73E+00 -6.18E-01 -1.26E+00 1.44E+00 2.74E-01 0.15 6.80 79 995 3386
156 EC69 4.26E-01 1.16E+00 -4.70E+00 -3.89E-01 1.93E+00 1.42E+00 1.26E+00 1.03 4.86 48 4998 12142
157 EC69 2.07E+00 -5.28E-01 -3.97E+00 -1.24E-01 -5.40E+00 1.44E+00 -1.27E+00 5.00 4.01 131 20059 40208
158 EC69 1.76E-01 7.24E-01 -2.34E+00 9.99E-01 -4.25E+00 1.44E+00 1.00E+00 0.42 2.65 55 1123 1487
159 EC27 6.33E-02 -2.20E+00 -5.81 E+00 1.23E+00 -4.37E-01 4.76E-01 -1.24E+00 0.15 6.34 159 968 3066
160 EC27 1.87E+00 -3.75E+00 -3.29E+00 4.00E+00 1.48E+00 1.44E+00 -1.26E+00 4.51 6.39 131 28852 92241
161 EC27 6.81 E-01 -1.62E+00 -1.50E+00 -8.34E-01 1.08E+00 1.43E+00 -1.27E+00 1.64 2.36 132 3882 4585
162 EC27 1.85E+00 1.20E+00 -3.66E+00 1.76E+00 9.33E-01 1.44E+00 -1.27E+00 4.45 4.23 131 18859 39925
163 EC27 2.12E+00 -1.15E-01 -6.24E+00 1.60E-01 9.88E-01 1.44E+00 -1.27E+00 5.11 6.25 131 31911 99686
164 EC27 3.10E-01 -2.42E+00 -1.63E+00 8.77E-01 6.39E-01 1.44E+00 -6.32E-01 0.75 3.04 114 2271 3453
165 EC85 2.14E-01 -2.26E+00 -4.30E+00 1.58E+00 2.48E+00 4.53E-01 -1.27E+00 0.52 5.11 160 2641 6746
166 EC85 1.06E-02 3.45E+00 -2.24E+00 3.61 E+00 -4.55E+00 1.37E+00 -1.17E+00 0.03 5.48 130 140 383
167 EC85 3.58E-02 2.93E-01 1.59E+00 1.76E+00 -5.78E+00 -7.04E-01 -1.27E+00 0.09 2.39 209 206 246
168 EC85 1.39E+00 -5.51 E-01 2.06E-01 4.39E+00 6.41 E+00 1.44E+00 -1.26E+00 3.35 4.43 131 14840 32877
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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169 EC85 1.03E-02 -6.34E-01 -3.74E+00 5.23E-01 -2.58E-01 3.45E-01 -1.27E+00 0.02 3.82 165 95 181
170 EC85 8.84E-02 1.57E+00 -2.28E+00 3.83E-01 -2.02E-01 1.44E+00 5.05E-01 0.21 2.80 71 597 836
171 EC85 9.73E-02 -2.92E+00 -3.17E+00 4.69E+00 -1.85E+00 1.44E+00 -1.27E+00 0.23 6.37 131 1495 4762
172 EC85 8.06E-01 -1.03E-01 -1.74E+00 1.02E+00 2.33E+00 1.44E+00 -1.27E+00 1.94 2.02 131 3923 3960
173 EC85 3.01 E-01 1.33E+00 -1.52E+00 3.12E-01 3.23E+00 1.44E+00 -4.68E-01 0.73 2.04 108 1480 1508
174 EC85 6.31 E-02 -1.96E-01 -2.56E+00 5.88E-01 2.22E+00 1.44E+00 8.34E-01 0.15 2.64 60 401 529
175 EC20 1.15E-02 -2.81 E+00 -1.31 E+00 2.63E+00 -5.87E+00 1.34E+00 -1.15E+00 0.03 4.07 131 113 230
176 EC20 9.10E-02 -5.84E-01 -1.75E+00 -8.70E-01 -6.30E+00 1.44E+00 -1.00E+00 0.22 2.04 125 449 458
177 EC20 1.37E+00 1.68E-01 -2.75E+00 -1.78E+00 -5.14E+00 1.44E+00 -1.26E+00 3.31 3.28 131 10857 17812
178 EC23 1.61 E-02 -4.44E+00 2.02E+00 2.27E+00 -2.61 E+00 -9.85E-01 -1.27E+00 0.04 5.38 218 209 562
179 EC23 2.95E-01 4.16E-01 2.57E-01 1.20E+00 1.23E+00 -1.02E+00 -1.27E+00 0.71 1.30 219 923 600
180 EC23 3.58E-01 5.97E-02 3.99E-01 3.32E-01 1.05E+01 -1.44E+00 -1.27E+00 0.86 0.52 229 451 118
181 EC23 2.36E-01 -2.99E-01 1.07E-01 3.28E-01 -9.88E-01 -1.44E+00 -1.27E+00 0.57 0.46 229 260 59
182 EC23 1.89E-01 -4.33E+00 2.35E+00 4.33E+00 -1.28E+00 -8.55E-01 -1.27E+00 0.46 6.56 214 2997 9831
183 EC23 5.66E-01 -4.25E-02 4.94E-02 3.15E-02 -1.58E+00 -1.44E+00 1.27E+00 1.37 0.07 311 99 4
184 EC23 1.76E-02 -5.64E+00 3.83E-01 7.75E+00 1.03E+01 -1.06E+00 -1.27E+00 0.04 9.59 220 407 1950
185 EC32 1.85E-01 2.87E+00 -3.60E+00 1.66E-01 -4.13E+00 1.34E+00 -9.19E-01 0.45 4.61 124 2059 4743
186 EC32 1.37E-01 -4.29E+00 -2.97E+00 7.95E-01 3.84E+00 1.44E+00 -8.17E-02 0.33 5.28 93 1750 4619
187 EC32 1.52E-01 -2.34E+00 -2.58E+00 1.02E+00 4.00E+00 1.44E+00 -3.17E-01 0.37 3.63 102 1333 2418
188 EC32 1.03E-02 2.94E+00 -1.63E+00 3.07E+00 -1.03E+00 -6.79E-01 -1.27E+00 0.02 4.55 208 113 258
189 EC32 1.73E-02 -7.88E-01 -1.29E+00 2.14E+00 5.73E+00 1.44E+00 -7.57E-01 0.04 2.62 118 109 143
190 EC32 4.44E-02 1.59E+00 -5.30E+00 1.06E+00 6.80E+00 1.44E+00 -1.26E+00 0.11 5.63 131 603 1699
191 EC32 1.96E-01 -4.92E-01 -7.06E+00 -1.34E-01 6.37E+00 1.40E+00 -1.26E+00 0.47 7.08 132 3341 11825
192 EC32 2.62E-01 -1.50E+00 -6.08E+00 7.73E-01 3.97E+00 1.44E+00 2.72E-01 0.63 6.31 79 3983 12575
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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193 EC32 4.09E-02 -2.29E+00 -5.59E+00 3.62E+00 7.15E+00 4.26E-01 -1.27E+00 0.10 7.04 161 695 2446
194 EC32 7.71 E-01 4.16E-01 -2.27E+00 -2.76E+00 4.50E+00 1.44E+00 -1.12E-01 1.86 3.60 94 6691 12043
195 EC32 9.34E-02 9.23E-01 -5.69E+00 4.55E-01 5.62E+00 1.44E+00 5.25E-01 0.23 5.79 70 1303 3770
196 EC32 2.46E-02 1.68E+00 -4.17E+00 -2.71 E+00 4.87E+00 9.22E-01 1.27E+00 0.06 5.25 36 311 817
197 EC32 3.15E-02 3.31E-01 -2.94E+00 -1.33E-01 6.02E+00 1.44E+00 -1.11 E+00 0.08 2.96 128 225 332
198 EC32 8.36E-02 -1.40E+00 -6.89E+00 2.24E+00 -1.57E+00 7.33E-02 -1.27E+00 0.20 7.38 177 1487 5483
199 EC32 1.66E-01 -5.86E+00 -2.33E+00 -1.26E+00 3.75E+00 1.44E+00 -1.08E+00 0.40 6.43 127 2576 8284
200 EC32 2.99E-02 1.81 E-01 -2.79E+00 2.40E+00 -1.73E+00 1.44E+00 -1.26E+00 0.07 3.69 131 266 490
201 EC32 1.68E-02 3.64E+00 -3.72E+00 -9.69E-03 6.36E+00 1.44E+00 -1.26E+00 0.04 5.20 131 210 547
202 EC32 1.19E-01 -2.96E+00 -3.26E+00 8.85E-01 4.17E+00 1.44E+00 -2.88E-02 0.29 4.49 91 1294 2907
203 EC32 1.96E-01 -3.17E+00 -2.09E+00 2.04E+00 4.74E+00 1.44E+00 1.27E+00 0.47 4.31 49 2037 4393
204 EC32 3.14E-02 -4.61 E+00 -1.70E+00 -3.19E+00 1.81 E+00 1.44E+00 -3.88E-01 0.08 5.86 105 444 1301
205 EC32 4.49E-01 -7.97E-01 -1.90E+00 -3.77E-02 5.02E+00 1.44E+00 -5.12E-01 1.08 2.06 110 2229 2293
206 EC32 1.29E-01 6.65E-01 -3.34E+00 6.09E-01 4.28E+00 1.44E+00 -9.17E-01 0.31 3.46 122 1075 1859
207 EC64 3.07E-01 -8.05E-01 1.08E+00 -1.44E+00 9.10E+00 -5.59E-01 1.27E+00 0.74 1.97 336 1460 1439
208 EC64 2.38E-02 -1.68E-01 -5.23E+00 5.44E-01 -7.96E+00 1.44E+00 3.93E-01 0.06 5.26 75 301 792
209 EC64 1.23E-02 9.59E-02 -4.32E+00 1.02E+00 -8.21 E+00 9.61 E-01 -1.27E+00 0.03 4.44 143 132 293
210 EC64 4.98E-02 -5.43E-01 -4.41 E+00 6.09E-01 -8.48E+00 1.34E+00 -1.25E+00 0.12 4.49 133 538 1208
211 EC64 9.18E-01 -5.52E-02 -4.59E+00 5.95E-01 -7.40E+00 1.44E+00 -1.27E+00 2.21 4.63 131 10238 23675
212 EC64 6.42E-02 -2.51 E-01 -3.08E-01 7.97E-01 -7.92E+00 1.44E+00 -1.27E+00 0.15 0.89 131 138 61
213 EC51 1.05E-02 4.84E+00 -1.28E+00 3.91 E+00 4.73E+00 7.94E-01 -1.27E+00 0.03 6.36 148 161 510
214 EC66 2.69E-02 -2.84E-01 2.38E-01 -1.13E-01 -2.17E+00 -1.38E+00 1.25E+00 0.06 0.39 312 25 5
215 EC66 2.20E-02 -3.00E+00 7.50E+00 1.78E+00 -7.40E+00 -1.30E+00 1.16E+00 0.05 8.27 312 439 1813
216 EC66 6.00E-01 3.68E+00 -4.05E+00 1.89E+00 -4.83E+00 1.30E+00 -9.85E-01 1.45 5.79 127 8376 24235
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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217 EC66 1.39E-01 -4.36E-01 5.17E+00 -7.39E+00 -1.22E+00 -2.45E-01 1.27E+00 0.34 9.03 349 3031 13683
218 EC66 3.64E-01 -2.42E-01 -5.07E-01 -2.39E+00 -2.62E+00 -1.04E+00 1.27E+00 0.88 2.45 321 2156 2646
219 EC66 7.53E-01 -2.50E-01 1.02E+00 -3.86E-01 -2.05E+00 -1.40E+00 1.27E+00 1.82 1.12 312 2033 1139
220 EC66 2.68E-02 -2.06E+00 5.42E+00 -8.12E+00 -8.19E+00 1.07E+00 1.26E+00 0.06 9.98 40 645 3219
221 EC66 3.49E-02 8.27E-01 7.34E+00 -4.63E+00 -8.88E+00 -6.02E-01 1.27E+00 0.08 8.72 335 735 3204
222 EC66 1.06E-02 -1.60E-02 1.35E+00 -9.01 E+00 -8.72E+00 -1.87E-01 1.27E+00 0.03 9.11 352 232 1058
223 EC66 2.05E-02 7.99E-01 -5.02E+00 -3.37E+00 -8.92E+00 2.30E-01 1.27E+00 0.05 6.10 10 301 918
224 EC66 3.21E-01 7.89E-02 -8.46E+00 -1.56E+00 -1 .02E+01 1.40E+00 1.27E+00 0.77 8.60 48 6656 28634
225 EC36 3.44E-01 1.57E-01 1.15E-01 -4.91 E-01 3.31 E+00 -1.44E+00 1.27E+00 0.83 0.53 311 439 116
226 EC36 1.92E-02 3.01 E-01 -2.57E+00 3.35E+00 9.12E-01 1.11E+00 -1.27E+00 0.05 4.23 139 196 415
227 EC36 1.56E-02 2.98E-01 5.52E-01 4.76E-02 5.04E+00 -1.37E+00 9.43E-01 0.04 0.63 305 24 7
228 EC36 6.82E-02 -2.00E-01 9.38E-01 -1.42E+00 5.01 E+00 -1.39E+00 8.17E-01 0.16 1.71 300 282 241
229 EC36 7.40E-02 1.03E+00 -4.90E+00 1.22E+00 3.16E+00 1.44E+00 -4.33E-01 0.18 5.16 107 920 2372
230 EC36 1.48E-01 2.00E-02 1.80E-01 -7.55E-01 3.29E+00 -1.44E+00 1.27E+00 0.36 0.78 311 278 108
231 EC36 1.42E-02 3.96E+00 -2.45E+00 5.53E+00 5.68E-01 1.23E+00 -1.25E+00 0.03 7.23 135 247 892
232 EC36 1.26E-01 1.38E-02 -1.44E+00 2.14E+00 1.08E+00 1.43E+00 -1.27E+00 0.30 2.58 132 784 1010
233 EC36 2.27E-02 -1.24E+00 -4.47E+00 -4.01 E+00 3.87E-02 1.43E+00 1.26E+00 0.05 6.13 49 336 1030
234 EC36 1.58E-02 4.39E+00 5.82E-01 7.18E+00 2.38E+00 2.31 E-01 -1.27E+00 0.04 8.43 170 322 1357
235 EC36 7.14E-02 4.72E+00 2.76E+00 5.18E+00 2.94E+00 -2.52E-01 -1.27E+00 0.17 7.53 191 1297 4886
236 EC36 1.52E-02 7.83E-01 1.12E+00 6.55E-02 1.68E+00 -1.44E+00 -2.51 E-01 0.04 1.37 260 50 34
237 EC36 9.64E-02 1.16E+00 9.90E-01 3.05E+00 3.32E+00 -1.44E+00 -1.27E+00 0.23 3.41 229 792 1351
238 EC36 1.74E-01 -2.77E-01 3.16E-01 5.86E-01 3.69E+00 -1.44E+00 -1.27E+00 0.42 0.72 229 302 109
239 EC36 1.83E-01 -8.75E-01 1.39E+00 -3.98E-01 4.04E+00 -1.44E+00 1.27E+00 0.44 1.69 311 748 633
240 EC36 1.73E-01 -9.95E-01 -2.29E+00 2.09E+00 2.94E+00 1.43E+00 -1.24E+00 0.42 3.25 131 1359 2210
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241 EC36 7.83E-02 -1.42E-02 -3.65E+00 2.83E+00 2.07E+00 1.44E+00 -6.59E-01 0.19 4.62 115 873 2017
242 EC49 2.78E-01 1.00E+00 -1.81E-02 1.25E+00 5.76E+00 -1.00E+00 -1.27E+00 0.67 1.60 218 1072 857
243 EC49 2.78E-01 -4.91 E-01 4.23E-01 -1.23E+00 7.00E+00 -1.42E+00 -1.25E+00 0.67 1.39 228 932 648
244 EC49 1.63E-01 -1 .83E+00 5.31 E-01 1.40E+00 -3.34E+00 8.67E-01 -1.27E+00 0.39 2.36 146 930 1098
245 EC31 3.23E-02 1.92E+00 -3.44E+00 1.18E+00 1.02E+00 1.40E+00 4.43E-01 0.08 4.11 72 320 657
246 EC31 7.49E-02 4.43E+00 -6.49E+00 2.43E+00 1.73E+00 1.39E+00 1.27E+00 0.18 8.23 48 1486 6116
247 EC31 2.33E-02 1.82E-01 -2.25E+00 -7.77E-01 3.02E+00 1.40E+00 1.16E+00 0.06 2.38 50 134 160
248 EC31 1.90E-02 -4.75E-01 -2.00E+00 -1.47E+00 2.81 E+00 -6.39E-01 1.24E+00 0.05 2.53 333 116 146
249 EC31 5.25E-01 9.42E-01 -3.14E+00 7.94E-01 -8.43E+00 1.40E+00 1.27E+00 1.27 3.37 48 4266 7186
250 EC72 1.73E-01 7.69E-02 -1.67E-02 4.31 E-01 -5.96E+00 6.65E-01 -1.27E+00 0.42 0.44 152 183 40
251 EC72 2.16E-01 6.71 E-01 1.61E+00 2.96E+00 -5.77E+00 -7.59E-01 -1.27E+00 0.52 3.44 211 1795 3087
252 EC72 2.92E-02 -3.48E-01 1.27E+00 1.88E+00 -3.92E-03 -1.40E+00 2.08E-01 0.07 2.30 278 162 186
253 EC72 2.72E-01 3.84E-02 9.07E-01 -1.35E-01 -5.48E+00 -1.39E+00 -1.26E+00 0.66 0.92 228 602 276
254 EC72 1.49E-01 3.54E-01 1.22E-01 2.1 IE-01 3.80E-01 -1.40E+00 1.27E+00 0.36 0.43 312 154 33
255 EC72 1.06E-02 -2.96E-01 -5.25E-01 -3.34E-01 -8.78E+00 -7.64E-01 1.27E+00 0.03 0.69 329 18 6
256 EC52 6.44E-02 -1.32E+00 -2.07E+00 -5.68E-01 -7.35E+00 1.34E+00 -1.22E+00 0.16 2.52 132 392 494
257 EC52 5.62E-01 1.41E+00 -1.38E-01 4.85E+00 -4.92E+00 1.41 E+00 -1.19E+00 1.36 5.05 130 6848 17289
258 EC52 1.85E-02 2.23E+00 -1.35E+01 1.84E+00 -2.78E+00 1.44E+00 3.80E-01 0.04 13.84 75 618 4274
259 EC52 1.36E+00 -1.81E-02 -1.88E+00 3.87E-01 -4.71 E+00 1.44E+00 -1.27E+00 3.28 1.92 131 6290 6026
260 EC52 1.32E-02 1.14E+00 -2.47E+00 -5.24E-01 -1.62E+00 1.43E+00 -9.69E-01 0.03 2.77 124 88 122
261 EC37 5.68E-02 -5.67E-01 -9.75E-01 7.65E+00 -5.87E+00 3.42E-01 -1.27E+00 0.14 7.73 165 1058 4090
262 EC37 7.24E-02 -9.34E-01 1.98E+00 4.83E+00 -6.07E+00 1.84E-02 -1.27E+00 0.17 5.30 179 927 2457
263 EC37 1.72E-01 -2.47E+00 -9.71 E-01 2.35E+00 -4.27E+00 9.22E-02 -1.27E+00 0.42 3.54 176 1471 2606
264 EC37 1.88E-02 -6.07E+00 4.00E-01 9.20E+00 -6.91 E+00 1.08E+00 -1.27E+00 0.05 11.03 140 501 2762
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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265 EC37 2.65E-02 7.37E-01 2.47E-02 -4.10E+00 1.33E+00 1.40E+00 2.17E-01 0.06 4.17 81 267 556
266 EC37 9.63E-02 1.61 E+00 2.69E-01 2.36E+00 -4.81 E+00 2.12E-01 -1.27E+00 0.23 2.86 171 666 954
267 EC37 1.63E-01 1.59E+00 -1.94E+00 6.28E-01 -6.11 E+00 8.07E-01 -1.27E+00 0.39 2.58 148 1014 1311
268 EC75 6.85E-02 -2.60E-01 1.00E+00 -1.59E+00 -4.39E+00 -5.68E-01 1.27E+00 0.17 1.90 336 313 297
269 EC75 3.98E-02 6.79E-01 -9.13E-01 6.85E-02 -7.11 E+00 1.37E+00 -1.21 E+00 0.10 1.14 132 109 62
270 EC75 3.50E-01 -5.42E-02 -3.23E+00 1.24E+00 -6.97E+00 1.40E+00 -9.79E-01 0.84 3.46 125 2917 5040
271 EC75 4.40E-02 -2.03E-01 -3.63E+00 1.02E-01 -8.24E+00 1.40E+00 -7.32E-01 0.11 3.64 118 386 703
272 EC77 6.67E-02 -6.37E+00 -3.88E+00 -3.41 E+00 -1.25E+00 4.26E-01 1.27E+00 0.16 8.20 19 1319 5410
273 EC77 1.26E-02 -8.99E-01 -4.53E+00 -1.30E+00 -9.32E+00 1.30E+00 1.24E+00 0.03 4.80 46 146 350
274 EC77 2.89E-02 3.31 E+00 -2.72E+00 -2.27E+00 -7.74E+00 6.14E-02 1.27E+00 0.07 4.85 3 338 818
275 EC77 6.66E-02 -1.69E+00 -1.62E+00 -3.36E+00 -8.05E+00 -4.78E-01 1.27E+00 0.16 4.09 339 658 1346
276 EC77 1.85E-02 -4.42E-01 -4.12E+00 8.20E-02 -9.54E+00 1.40E+00 1.26E+00 0.04 4.14 48 185 383
277 EC77 2.08E-01 4.22E+00 -1.33E+00 4.96E+00 4.43E+00 1.30E+00 -9.81 E-01 0.50 6.65 127 3330 11069
278 EC77 1.14E-02 1.27E+00 -1 .44E+00 1.17E-01 -9.71 E-01 1.40E+00 8.94E-01 0.03 1.92 57 53 51
279 EC21 3.82E-01 -8.70E-01 4.98E-01 -3.16E+00 -9.10E+00 -7.06E-01 1.27E+00 0.92 3.32 331 3060 5076
280 EC84 3.23E-01 8.39E-02 1.40E+00 -1.14E-01 9.93E+00 -1.40E+00 1.27E+00 0.78 1.41 312 1097 772
281 EC50 1.60E+00 4.15E-01 1.85E+00 -1.72E-01 7.29E+00 -1.40E+00 1.27E+00 3.85 1.90 312 7312 6946
282 EC50 3.15E-01 1.20E+00 -8.44E+00 -5.39E+00 -8.21 E+00 1.28E+00 1.23E+00 0.76 10.08 46 7650 38571
283 EC33 1.41 E-01 7.07E-01 -3.66E+00 2.38E+00 2.35E+00 -6.29E-02 -1.27E+00 0.34 4.42 183 1500 3316
284 EC33 7.08E-02 1.86E+00 -2.65E+00 -9.64E-01 -3.32E+00 1.40E+00 1.27E+00 0.17 3.38 48 577 974
285 EC33 2.43E-02 2.74E+00 -2.91 E+00 4.73E+00 4.16E+00 1.40E+00 1.62E-02 0.06 5.19 89 363 1122
286 EC33 6.02E-02 1.65E+00 -1.03E+00 3.21 E+00 1.43E+00 1.40E+00 -1.48E-01 0.15 3.75 96 545 1023
287 EC33 3.84E-01 -1.25E+00 -2.83E+00 -1.06E-01 -9.05E-01 1.40E+00 -1.25E+00 0.93 3.10 132 2871 4448
288 EC33 6.91 E-01 9.15E-01 -1 .OOE+00 3.81 E-01 5.31 E+00 1.39E+00 1.26E+00 1.67 1.41 48 2348 1654
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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289 EC33 7.31 E-01 -1.75E+00 -3.19E+00 -1.10E+00 -8.42E-02 1.40E+00 9.54E-01 1.76 3.80 56 6692 12705
290 EC48 1.93E-02 -1.74E+00 -9.52E-02 1.03E+00 2.70E+00 -2.32E-01 -1.27E+00 0.05 2.02 190 94 95
291 EC48 1.57E-01 4.10E+00 -6.92E+00 -5.93E-02 3.89E+00 1.32E+00 -1.12E+00 0.38 8.04 130 3050 12267
292 EC48 2.68E-01 -2.65E-01 -2.61 E+00 2.45E+00 2.51 E+00 6.15E-01 -1 .27E+00 0,65 3.59 154 2317 4155
293 EC48 2.01 E-01 -4.71 E-01 -1.52E+00 3.32E-01 5.12E+00 1.40E+00 -1.27E+00 0.49 1.62 132 788 638
294 EC78 4.77E+00 -2.52E-02 -7.77E+00 2.95E-01 -9.22E+00 1.40E+00 -1.27E+00 11.50 7.78 132 89502 348174
295 EC78 2.14E-02 1.86E+00 3.71 E+00 -4.22E+00 4.39E+00 1.29E-01 1.27E+00 0.05 5.92 6 306 904
296 EC78 3.62E-02 -9.16E-01 -1.25E+00 -5.74E+00 2.95E+00 -7.15E-01 1.27E+00 0.09 5.95 331 520 1545
297 EC78 6.44E-02 5.53E-01 -1.47E+00 -4.30E+00 3.47E+00 1.20E+00 1.25E+00 0.16 4.58 44 711 1628
298 EC78 2.92E+00 3.07E-01 -5.63E-01 -6.37E-01 -8.72E+00 1.24E+00 1.08E+00 7.04 0.90 49 6369 2879
299 EC78 3.01E-01 3.26E+00 -1.41 E+00 -4.65E+00 5.33E+00 1.40E+00 1.27E+00 0.73 5.85 48 4242 12407
300 EC78 2.17E-01 -1.08E+00 3.98E-02 -6.34E+00 3.58E+00 7.80E-01 1.27E+00 0.52 6.43 32 3371 10835
301 EC78 5.36E-02 1.57E-01 -1.13E+00 -5.23E+00 3.74E+00 1.40E+00 -3.11 E-01 0.13 5.36 103 693 1856
302 EC60 1.84E-01 5.38E-01 1.01 E+00 -1.59E-01 -9.88E-01 -1.40E+00 -1.27E+00 0.44 1.16 228 512 297
303 EC25 2.37E-02 9.00E-01 -4.73E+00 3.61 E-01 4.03E+00 1.40E+00 4.34E-01 0.06 4.83 73 276 667
304 EC25 1.81 E-01 -1.22E+00 -5.88E+00 2.22E-02 4.14E+00 1.40E+00 -8.75E-01 0.44 6.01 122 2619 7869
305 EC25 1.08E-02 -1.04E+00 -2.46E+00 1.19E+01 6.83E+00 7.36E-01 -1.27E+00 0.03 12.23 150 318 1944
306 EC25 1.68E-02 -7.79E+00 1.38E+01 3.69E-01 3.94E+00 6.76E-01 -1.27E+00 0.04 15.82 152 639 5056
307 EC44 1.04E-01 4.47E+00 -4.44E+00 8.01 E-01 -4.04E+00 1.39E+00 1.20E+00 0.25 6.35 49 1585 5034
308 EC44 1.62E-02 4.07E+00 -7.88E+00 -5.99E+00 -6.02E+00 -2.37E-01 1.27E+00 0.04 10.71 349 419 2244
309 EC44 6.22E-02 5.22E-01 -9.42E+00 -6.10E-01 -3.85E+00 1.40E+00 1.07E+00 0.15 9.45 53 1418 6703
310 EC44 3.37E-02 -2.09E+00 6.89E+00 -1.42E+00 -4.00E+00 -1.54E-01 1.27E+00 0.08 7.34 353 597 2193
311 EC44 3.09E-02 -2.06E-01 -1.54E+01 6.41 E+00 -4.89E+00 3.52E-01 -1.27E+00 0.07 16.68 165 1243 10371
312 EC44 2.06E-01 -3.33E+00 -3.88E+00 -4.70E+00 -1.76E+00 1.40E+00 4.05E-01 0.50 6.95 74 3453 11998
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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313 EC44 1,31 E-01 5.54E-01 -8.98E+00 6.04E-01 5.90E+00 1.26E+00 -1.21 E+00 0.32 9.02 134 2844 12826
314 EC68 5.65E-02 8.56E+00 2.71 E+00 -2.39E+00 3.47E+00 1.38E+00 1.23E+00 0.14 9 ^ 9 48 1266 5879
315 EC68 1.26E-02 5.78E-01 -4.96E+00 -2.31 E+00 4.26E+00 1.40E+00 -6.15E-01 0.03 5.51 114 167 459
316 EC68 4.88E-02 1.22E+00 -4.40E+00 -3.45E-01 9.28E+00 1.40E+00 7.67E-01 0.12 4.58 61 539 1236
317 EC68 1.02E-02 5.00E-02 2.94E+00 -1.57E+00 1.05E+01 2.54E-01 1.26E+00 0.02 3.33 11 82 136
318 EC68 1.89E-02 5.77E+00 3.15E+00 -2.08E+00 8.37E+00 1.05E+00 1.27E+00 0.05 6.90 40 314 1085
319 EC68 2.86E-02 9.43E-01 8.86E-01 -5.61 E-01 4.35E+00 -1.30E+00 9.45E-01 0.07 1.41 306 97 69
320 EC68 1.24E-02 -1 .20E+00 2.69E+00 -2.25E-01 1.17E+00 -1.40E+00 -9.74E-01 0.03 2.95 235 88 130
321 EC68 4.26E-02 2.19E+00 -3.61 E+00 -2.38E+00 8.74E+00 1.40E+00 6.52E-01 0.10 4.85 65 498 1207
322 EC68 3.06E-02 1.07E+00 -1.68E+00 -1.36E+00 3.66E+00 -5.55E-01 1.27E+00 0.07 2.41 336 178 215
323 EC15 1.99E-02 4.71 E-01 -6.02E+00 -1.14E+00 -1.70E+00 1.44E+00 1.26E+00 0.05 6.15 49 295 907
324 EC15 1.96E-02 -2.67E+00 -4.07E+00 2.05E+00 6.14E+00 -2.65E-01 -1.27E+00 0.05 5.28 192 249 657
325 EC15 1.28E-01 -5.39E-01 -7.15E+00 -1.44E+00 -5.11 E-01 1.34E+00 1.22E+00 0.31 7.31 48 2255 8244
326 EC54 6.18E-02 2.73E+00 -4.56E-01 -2.09E+00 -1.09E+01 1.39E+00 -9.87E-02 0.15 3.46 94 516 894
327 EC54 3.04E-02 2.66E+00 -2.39E+00 8.46E+00 -8.90E+00 1.11E+00 -1.27E+00 0.07 9.18 139 673 3092
328 EC54 6.47E-02 -3.82E-02 -2.46E+00 -3.34E+00 -9.46E+00 -6.42E-01 1.27E+00 0.16 4.14 333 646 1339
329 EC54 3.26E-02 8.42E-01 6.82E-01 7.14E+00 -9.99E+00 -3.13E-01 -1.27E+00 0.08 7.22 194 568 2051
330 EC73 3.59E-02 -4.90E+00 -9.92E+00 2.39E+00 8.78E+00 -5.40E-01 -1.27E+00 0.09 11.31 203 979 5538
331 EC73 1.33E-01 -4.69E+00 -7.98E+00 2.19E+00 7.79E+00 6.01 E-01 -1.27E+00 0.32 9.51 155 3043 14465
332 EC59 4.61 E-01 -6.42E-01 -3.64E+00 1.37E-01 -5.48E+00 1.29E+00 1.21 E+00 1.11 3.70 47 4112 7602
333 EC59 1.77E-02 -8.64E-01 1.10E+00 7.56E-01 -7.91 E+00 -1.35E+00 -1.24E+00 0.04 1.59 227 68 54
334 EC59 1.60E-02 -7.70E-01 -6.18E+00 6.73E-01 -9.32E+00 1.40E+00 -6.19E-01 0.04 6.27 114 242 757
335 EC59 4.20E-01 -2.39E-01 -5.09E+00 -7.98E-01 -6.02E+00 1.40E+00 7.26E-01 1.01 5.16 63 5229 13495
336 EC59 2.79E-02 5.43E-02 -4.36E+00 -1.34E+00 -8.89E+00 1.38E+00 -1.06E+00 0.07 4.56 127 307 699
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Table III-2. Impact Information for 1x10'^ Probability of Exceedance Hazard (Continued)
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337 EC59 1.71E-02 -1.18E+00 -3.55E+00 1.43E+00 -8.58E+00 1.39E+00 -1.26E+00 0.04 4.00 132 165 330
338 EC47 3.19E-02 -3.66E-01 -8.76E+00 -6.07E-01 -4.98E+00 1.40E+00 1.27E+00 0.08 8.79 48 676 2970
339 EC47 1.48E-02 4.02E+00 -1.56E-01 4.46E+00 -1.24E+00 -7.12E-02 -1.27E+00 0.04 6.01 183 215 645
340 EC47 1.04E-02 -3.94E-01 -1.05E+00 2.77E+00 -2.90E+00 -3.08E-01 -1.27E+00 0.03 2.99 194 75 112
341 EC47 2.02E-02 5.21 E-01 -2.01 E+00 2.41 E+00 -3.19E+00 -2.35E-01 -1.27E+00 0.05 3.18 190 155 246
342 EC47 4.82E-02 -9.57E-02 -7.75E+00 -6.78E-01 -4.94E+00 1.37E+00 1.26E+00 0.12 7.78 47 905 3522
343 EC71 4.31 E-02 2.63E+00 -1.63E+00 -1.13E+00 5.42E-01 4.15E-01 1.27E+00 0.10 3.30 18 343 564
344 EC71 2.88E-02 -4.16E+00 -6.18E-01 -9.13E+00 -1.76E-01 -2.92E-01 1.26E+00 0.07 10.06 347 698 3511
345 EC71 3.89E-01 7.53E-01 2.36E+00 -7.57E+00 9.39E+00 -7.29E-01 1.27E+00 0.94 7.97 330 7469 29759
346 EC39 6.12E-02 -2.93E-02 -3.70E-01 1.45E+00 -8.02E+00 1.40E+00 1.22E-01 0.15 1.50 85 221 166
347 EC39 4.22E-02 5.31 E-02 -1.64E+00 -3.24E-01 1.06E+01 1.40E+00 8.82E-01 0.10 1.67 58 170 142
348 EC24 4.14E-02 1.59E-01 2.64E+00 3.58E-01 2.35E+00 -1.40E+00 3.19E-01 0.10 2.67 283 267 356
349 EC24 6.00E-02 -6.42E+00 -1.52E+01 6.55E+00 1.09E+01 1.13E+00 -5.58E-01 0.14 17.74 116 2568 22783
350 EC81 3.23E-02 1.11 E+00 1.76E+00 -2.64E+00 -6.86E+00 1.30E+00 1.11 E+00 0.08 3.36 49 262 440
351 EC81 2.73E-02 7.67E-01 1 56E+00 -5.27E+00 -7.88E+00 2.03E-01 1.27E+00 0.07 5.54 9 365 1013
352 EC46 4.29E-02 -5.40E+00 -4.22E+00 -1.62E-01 6.23E+00 1.40E+00 -4.66E-01 0.10 6.86 108 710 2435
353 EC88 1.86E-02 2.60E+00 -9.89E-01 -2.18E+00 3.54E+00 2.60E-01 1.27E+00 0.04 3.53 12 158 279
354 EC88 1.49E-01 2.48E+00 -1.50E+00 -4.89E+00 -2.98E+00 -1.15E+00 1.27E+00 0.36 5.68 318 2040 5795
355 EC28 2.91 E-02 5.94E-01 -4.49E+00 -1.16E+00 -8.11 E+00 -8.45E-01 1.27E+00 0.07 4.67 326 328 766
356 EC28 5.21 E-02 -2.39E+00 -2.33E-01 -2.39E+00 -9.06E+00 -6.85E-01 1.27E+00 0.13 3.39 332 426 722
357 EC67 3.08E-02 3.12E+00 -8.95E+00 -1.75E+00 1.08E+01 1.37E+00 -5.37E-02 0.07 9.64 92 716 3453
358 EC67 1.27E-01 -9.80E-01 -8.42E+00 2.46E+00 9.09E+00 1.40E+00 1.96E-01 0.31 8.83 82 2705 11938
359 EC67 2.01 E-02 -1.47E+00 -4.42E+00 -7.64E-01 7.95E+00 1.40E+00 -5.27E-01 0.05 4.72 111 228 539
360 EC18 1.95E-02 7.04E-01 -1.43E+00 1.74E+00 -6.62E+00 -7.68E-01 -1.27E+00 0.05 2.36 211 111 131
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APPENDIX IV 
FIELD OBSERVATION OF KEY BLOCKS IN THE ECRB CROSS-DRIFT
This appendix documents the observation of key blocks in the ECRB Cross-Drift. 
Portions of the full periphery geologic maps (FPGMs) containing key blocks are 
presented in Figures IV-1 through IV-14. An explanation of symbols on the FPGMs is 
provided in Figure IV-1. The potential key blocks are identified on these maps as 
exposed fracture faces bounded by joints. The number of blocks per kilometer observed 
in the ECRB Cross-Drift (Table IV-1) was determined by identifying the number of key 
blocks in the nonlithophysal Tptpmn unit as indicated in Figures VI-2 through VI-14 over 
the total length of drift in the unit.
Table IV-1. Number of Key Blocks Observed in the ECRB Cross-Drift
Lithologie Unit Metric Stationing^ (m)
Length of 
Drift^ (km)
Number of 
Blocks^
Blocks per 
Kilometer
Tptpmn 10+15 to 14+44 0.43 17 40
^Source: Mongano et al. (1999, pp. 105-106).
^Based on metric stationing as defined in Section 6.2 (e.g., for the Tptpmn unit, length = 1444 m -1015  m /  
1000 = 0.43 km).
^ h e  observation of key blocks is documented in Figures IV-2 through IV-10.
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